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ABSTRACT 


The  first  observations  of  coherent  microwave  radiation 
resulting  from  Cerenkov-Raman  backscattering  have  been  made 
and  are  reported.  An  extensive  experimental  investigation  of 
vacuum  Raman  backscattering  has  also  been  made.  Theoretical 
models  are  presented  to  calculate  the  frequency  and  the  gain 
at  interaction  for  both  the  Raman  and  the  Cerenkov-Raman 
backscattering  interactions.  Experimental  data  are  compared 
to  theoretical  predictions. 
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CHAPTER  1 


INTRODUCTION 

The  objective  of  the  experiment  was  to  build  a 
radiation  source  in  the  millimeter  range  that  did  not 
require  the  high  accelerating  voltages  typical  of  devices 
such  as  the  Cerenkov  maser  and  the  free  electron  laser.  We 
have  chosen  an  interaction  in  which  the  electron  beam  is 
coupled  to  a  dielectric  resonator  via  a  rippled  magnetic 
pump  field,  such  that  microwave  radiation  of  a  desired 
frequency  is  produced.  This  interaction  is  stimulated  Raman 
scattering1  in  the  presence  of  a  dielectric  material.  We 
shall  call  this  new  interaction  stimulated  Cerenkov-Raman 
scattering . 

The  Raman  interaction  is  depicted  in  figure  1.1.  A 
single  particle  interaction  is  assumed.  (E0,P0)  and  (E,P) 
are  the  electron  energy  and  momentum  before  and  after  the 
scattering  event,  respectively.  (^p,kp)  and  (a->g,kg)  are 
the  frequency  and  wavenumber  of  the  pump  and  scattered 
photons,  respectively.  We  assume  that  the  scattering  event 
occurs  within  a  medium  of  index  of  refraction  n. 
Conservation  of  energy  and  momentum  then  requires: 

f+tty  =  jfS/fcOj  <1-1> 
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(1.2) 


Assuming  that  the  photon  energies  and  momentums  are  much 
smaller  than  the  energy  and  momentum  of  the  electron,  and 
keeping  only  the  lowest  order  terms,  we  find2: 
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(1.3) 


where  is  the  electron  velocity  divided  by  the  speed  of 
light.  As  fin  approaches  1,  the  frequency  upshift  becomes 
large.  Thus,  by  choosing  an  index  of  refraction  n  large 
enough,  it  is  possible  to  obtain  a  large  frequency  upshift 
with  modest  electron  beam  voltages. 

The  earliest  work  on  stimulated  Compton  scattering  was 
done  by  Kapitza  and  Dirac^  in  1933*  They  concluded  that  it 
was  barely  possible  to  detect  electrons  deflected  by  a  beam 
of  light.  The  next  important  work  was  that  of  Ginzburg  and 
Frank1*  who  did  the  theory  on  the  Doppler  shifted  frequencies 
of  oscillators  traveling  in  a  medium.  Ginzburg^  noted  that 
electron  bunching  would  be  needed  to  obtain  large  microwave 
powers.  In  1951 »  Motz®  published  his  calculations  for  the 
emission  of  microwaves  when  an  electron  beam  is  passed 
through  an  undulator.  An  undulator  or  wiggler  is  an 


has  been  done  by  Manheimer  and  Ott?,  Pantell®,  Hasegawa^, 
and  Colson1®. 

The  first  practical  device  for  the  amplification  of 
microwaves  from  an  undulating  electron  beam  was  developed  by 
Phillips11.  With  the  development  of  relativistic,  high 
current  electron  beams,  many  researchers  became  interested 
in  microwave  production.  Many  did  research  on  Cerenkov 
masers  and  gyrotrons,  and  some  worked  on  Raman  masers.  At 
present,  only  four  other  experimental  groups  in  the  United 
States,  besides  ourselves,  work  on  Raman  masers.  They  are 
the  Bekefi12  group  at  MIT,  the  Naval  Research  Laboratory 
group  headed  by  Granatstein  and  Sprangle1^,  the 
Schlesinger ^  group  at  Columbia,  and  the  TRW15  group  in 
California.  We  are  the  only  group  working  with  dielectric 
loaded  waveguides.  Nation1^  has  also  made  experimental 
contributions.  The  short  wavelength  record  is  held  by 
Deacon,  Elias,  et  al.1^,  who  produced  3*4  micrometer 
radiation  with  a  magnetic  wiggler  and  the  electron  beam  of  a 
linear  accelerator. 

In  the  following  text,  chapter  2  presents  a  kinematic 
theory  for  the  prediction  of  the  frequencies  of  microwave 
production.  A  derivation  of  the  dynamic  theory  of  the  Raman 
and  the  Cerenkov-Raman  interactions  is  given  in  chapter  3. 
Chapter  4  is  a  description  of  the  experimental  device,  and 
the  experimental  results  are  compared  to  the  theoretical 
predictions  in  chapter  5.  The  conclusions  are  made  in 
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CHAPTER  2 


A  KINEMATIC  THEORY  TO  PREDICT  THE  FREQUENCY  AT  SYNCHRONISM 


When  a  set  of  waves  interact,  the  laws  of  energy  and 
momentum  conservation  must  be  satisfied.  Given  a  wave 
excitation,  we  can  determine  the  allowed  processes  for 
energy  transfer  from  the  excitation  to  the  remaining  waves. 
An  aim  of  our  experiments  is  to  identify  the  possibilities 
which  are  the  most  attractive  for  the  production  of  high 
frequency  radiation. 

Raman  or  Cerenkov-Raman  backscattering  is  a  two  wave 
interaction  resulting  in  a  scattered  wave.  Thus,  the  the 
theory  must  include  three  different  waves  that  are  coupled 
to  one  another.  The  first  wave  is  that  of  an  electron  beam 
mode.  The  electron  beam  is  assumed  to  be  relativistic  and 
traveling  parallel  to  a  guiding  longitudinal  magnetic  field. 
The  wave  is  imposed  upon  the  electron  beam  and  it  can  be 
either  a  cyclotron  wave  or  a  plasma  wave.  Both  the  fast  and 
the  slow  electron  beam  modes  need  to  be  considered. 

The  pump  wave  is  a  magnetostatic  wave  produced  by  a 
magnetic  wiggler  or  an  undulator.  The  magnetic  wiggler 
induces  a  sinusoidal  ripple  in  the  longitudinal  direction  of 


the  guiding  magnetic  field.  From  the  electron  beam  frame  of 


reference, 


as  an  equivalent 


this  ripple  appears 


n 


electromagnetic  wave. 


The  scattered  wave  is  the  observed  microwave  output. 


Since  the  interaction  occurs  within  a  waveguide,  the 


scattered  wave  must  have  the  dispersion  relation  of  a 


waveguide  mode. 


The  method  for  calculating  the  interaction  frequency  is 


to  require  the  phase  velocity  of  the  electron  beam  mode  and 


the  pump  wave,  combined,  be  equal  to  the  phase  velocity  of 


the  scattered  wave,  as  shown  in  figure  2.1 A.  Equivalently, 


we  could  require  that  the  phase  velocities  of  the  scattered 


wave  and  the  pump  wave,  combined,  be  equal  to  the  phase 


velocity  of  the  electron  beam  mode,  as  shown  in  figure  2. IB. 


Either  way,  the  electron  beam  mode  is  coupled  to  the 


scattered  microwaves  via  the  pump  wave.  The  point  on  the 


waveguide  dispersion  at  which  the  phase  velocities  match  up 


is  called  synchronism.  The  Raman  interaction  occurs  at 


synchronism  and  the  frequency  at  synchronism  is  the 


frequency  of  the  scattered  microwaves. 


The  negative  energy  electron  beam  dispersion  relation 


is  given  by  either 


(2.1A) 


(2. IB) 


WAVEGUIDE  DISPERSIONS 


where  J\.  s  eB/  ^mc  is  the  electron  beam  cyclotron  frequency 
and  M^piasma  s  ( ^Tr'ne^/  ^m)  is  the  electron  beam  plasma 
frequency.  $Q  is  the  relativistic  factor  (1  -  vo/c2)'1/2- 

Vq  is  the  electron  velocity  and  c  is  the  speed  of  light. 

The  pump  wave  due  to  the  magnetic  wiggler  is  modeled  by 
by  a  wave  with 

*p  =  2y/>|  p  ,  0>p  =  0.  (2.2) 

yj  p  is  the  wavelength  of  the  longitudinal  magnetic  field 
ripple.  Since  the  pump  wave  is  at  rest  in  the  lab  frame,  the 
phase  velocity,  ^p/kp  ,  must  be  equal  to  zero.  Therefore, 
kp  i  0  requires  that  a)  p  =  0. 

The  waveguide  dispersion  relation  is: 

£  U)2~  U)*0  f (2.3) 

UJQO  is  the  cutoff  frequency  of  the  unfilled  waveguide,  and 
£  is  the  dielectric  constant  of  the  medium  within  the 
waveguide.  In  equation  (2.3),  it  is  assumed  that  the 
waveguide  is  either  completely  filled  or  completely  empty. 
If  £  si,  then  we  have  Raman  backscattering ,  but  if  £  >  1, 
then  we  have  Cerenkov-Raman  backscattering.  It  is  apparent 
from  either  figure  2.1A  or  figure  2. IB,  that  at  too  low  an 
electron  beam  velocity,  no  interaction  can  exist  because  the 
slope  of  the  electron  beam  dispersion  relation  is  too  small. 


As  the  electron  velocity  is  raised  higher,  we  reach  the 
first  point  of  synchronism.  As  the  electron  velocity  is 
increased  still  further,  the  interaction  splits  into  two 
frequency  branches;  one  branch  tending  towards  high 
frequency  and  the  other  branch  tending  towards  the  waveguide 
cutoff. 

Actual  computer  calculations  for  unfilled  and  fully- 
filled  waveguides  are  shown  in  figures  2.2  and  2.3.  In  this 
computer  program,  for  a  given  electron  beam  energy  and  a 
given  magnetic  field  for  the  cyclotron  idler,  the 
frequencies  of  interaction  are  calculated.  The  derivation  of 
the  equations  is  given  below. 

For  partially  filled  waveguides,  the  waveguide 
dispersion  is  more  complicated  than  that  of  equation  (2.3) 
and  is  most  easily  solved  numerically.  In  this  case,  it  is 
advantageous  to  work  backwards  from  a  given  (a), k)  of  the 
waveguide  dispersion  relation  and  a  given  magnetic  field  for 
the  cyclotron  idler  and  then  solve  for  the  electron  energy 
at  interaction.  A  Scattered  Wave  Frequency  vs.  Electron  Beam 
Voltage  calculation  for  the  partially  filled  case  is  shown 
in  figure  2.41®. 

The  calculation  of  the  interaction  frequencies  for  the 
unfilled  waveguide  and  the  fully  filled  waveguide  is 
straight  forward.  Referring  to  figure  2  IB,  the  waveguide 
dispersion  relation  is  shifted  by  kp.  Therefore,  the 
waveguide  dispersion  relation  becomes: 
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a 6u>*-u£  (2-4> 

The  dispersion  relation  for  the  slow  electron  beam  mode, 
(2.1),  can  be  written  as: 

/=■  -fci  co+vr)  (2-5) 

Here ,  w  is  either  the  electron  cyclotron  frequency  or  the 

electron  plasma  frequency.  For  fast  waves,  we  just  let 
be  pegative. 

Substituting  (2.5)  for  k  into  (2.4),  we  find: 

(c o-t  W2'  H  (*>  ti*r)  -t  k/ 

\  v 2"  (2*6) 

=  (eiA>*-u*Z)  -g* 

Collecting  terms  with  respect  to  the  powers  of  ,  we  find 


It  is  easy  to  see  that  for  the  upper  (+)  branch,  that  as 
Vq/c  approaches  1,  (/J  becomes  extremely  large.  For  the 

lower  (-)  branch,  as  /^Vq/c  becomes  arbitrarily  close  to  1, 
the  20term  in  the  square  root  becomes  unimportant  and  the 
resulting  (1  term  in  the  numerator  cancels  with 

the  same  factor  in  the  denominator,  thus  keeping  finite. 
Equation  (2.7)  is  used  to  do  the  frequency  calculations  for 
the  graphs  in  figures  2.2  and  2.3. 


The  most  important  observation  from  the  two  graphs  in 
figures  2.2  and  2.3  is  that  there  are  two  branches  of  the 
interaction.  The  lower  frequency  branch  is  due  to  the 
nonlinear  dispersion  of  the  waveguide  near  cutoff.  The  upper 
frequency  branch  is  similar  to  free  space  Raman  or  Cerenkov- 
Raman  backscattering . 

Referring  to  (2.7) »  we  see  that 
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f-JT  4r 


(2.8) 


The  absolute  value  of  the  quantity  on  the  right  hand  side  of 
(2.8)  is  due  to  the  requirement  that  the  interaction  occur 
within  the  first  quadrant  of  figure  2. IB. 

By  the  dependence  of  the  interaction  upon  the  magnetic 
field,  one  can  easily  determine,  experimentally,  whether  a 
fast  or  a  slow  electron  cyclotron  beam  mode  exists.  For  a 
fast  cyclotron  beam  mode,  a  lower  magnetic  field  requires  a 
higher  beam  velocity  to  achieve  synchronism.  This  behavior 
is  due  to  the  electron  cyclotron  frequency  being  directly 
proportional  to  the  magnetic  field.  Thus,  for  a  given 
velocity  Vq  <  c,  a  minimum  magnetic  field  threshold  can 
exist  such  that  no  synchronism  is  possible  if  the  guiding 
magnetic  field  is  below  this  magnetic  field  threshold.  For 
a  slow  cyclotron  beam  mode,  a  higher  magnetic  field 


requires  a  higher  beam  velocity  to  achieve  synchronism. 
Thus, for  a  given  electron  beam  velocity  vn  <  c,  there  exists 


a  maximum  magnetic  field  limit  such  that  no  synchronism  can 
occur  if  the  guiding  magnetic  field  exceeds  this  maximum 
magnetic  field  limit.  These  trends  can  be  easily  seen  in 
figure  2.1  by  adjusting  the  y-intercept,  which  is  +_/£. 

For  fast  and  slow  plasma  modes,  a  similar  analogy  can 
be  made  for  the  electron  density,  instead  of  the  magnetic 
field.  Since  we  do  not  have  nearly  as  wide  a  range  of 
electron  plasma  frequencies  as  we  do  with  electron  cyclotron 
frequencies,  the  experimental  determination  of  fast  and  slow 
electron  plasma  modes  is  difficult. 


From  figure  2.1,  the  minimum  electron  beam  energy 
requirement  for  a  vacuum  TEq-j  mode  for  a  0.5  inch  diameter 
waveguide,  a  magnetic  field  strength  of  6  kilogauss  and  a 
kp  s  (2yf)  era"1  is  approximately  50  KeV.  These  parameters 
are  well  within  our  experimental  capabilities,  and  we  should 
expect  to  see  interactions  for  both  n  =  1  and  n  >  1. 

The  major  deficiency  of  the  kinematic  theory  is  that  it 
does  not  predict  the  magnitude  of  the  gain.  However,  the 
theory  is  a  convenient  way  to  calculate  the  possible 
scattered  microwave  frequencies.  Provided  the  gain  is 
sufficient  to  overcome  the  losses,  these  frequencies  will 
appear  in  the  output  spectrum.  An  extension  of  the  theory 
suitable  to  calculate  the  gain  will  be  presented  in  the  next 
chapter . 


CHAPTER  3 


THE  CALCULATION  OF  GAIN  FOR  RAMAN  AND  CERENKOV-RAMAN 
BACKSCATTERING 

In  this  chapter,  we  will  calculate  the  gain  per 
centimeter  of  the  scattered  wave  due  to  an  electron  beam 
passing  through  the  center  of  a  magnetic  wiggler  and  a 
cylindrical  waveguide.  This  calculation  will  take  the 
experimental  conditions  into  account.  The  calculation  will 
be  done  with  cylindrical  boundary  conditions,  and  the 
magnetic  wiggler  will  be  modeled  as  a  zero  frequency  pump. 

All  calculations  are  done  in  the  laboratory  frame  of 
reference.  First,  the  equation  of  motion,  F  s  dP/dt,  must  be 
simplified  because  the  full  use  of  cylindrical  coordinates 
in  a  relativistic  problem  would  become  intractable.  Next  we 
consider  the  modeling  of  the  wave  fields.  We  choose  the  beam 
mode  so  as  to  have  longitudinal  bunching  of  the  electron 
beam.  The  pump  wave  is  the  sinusoidal  magnetic  field  ripple 
due  to  the  magnetic  wiggler.  The  scattered  wave  is  chosen  to 
be  in  a  TE  mode,  as  is  indicated  by  the  experimental 
results.  Since  no  Raman  interaction  is  present  until  second 
order,  all  velocities,  electron  densities,  and  currents  must 
be  calculated  through  second  order.  Next,  the  wave 
equation,  with  the  effects  of  electron  density  and  electron 
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current  included,  is  introduced.  This  wave  equation  is 
complex.  One  method  of  solution  is  to  break  the  wave 
equation  up  into  a  real,  normal  mode  part  and  an  imaginary 
gain  or  loss  part.  The  final  result  will  appear  similar  to 
the  parametric  equations: 

Eb,  Bp,  and  Eg  represent  the  electric  or  the  magnetic  field 
amplitudes  of  the  beam  mode,  the  pump  wave,  and  the 
scattered  wave,  respectively.  A^,  A2,  and  are 
coefficients.  The  z  direction  is  parallel  to  the  initial 
electron  beam  velocity  and  the  longitudinal  guiding  magnetic 
field. 

Equations  (3.1)  are  manifestly  nonlinear.  The  goal  of 
all  the  calculations  is  essentially  to  determine  the 
coefficients  A^,  A2,  and  A^«  Since  Bp  is  the  magnitude  of 
the  magnetic  wiggler  field,  it  remains  constant.  Setting  the 
coefficient  A2  in  (3. IB)  equal  to  zero,  we  can  estimate  the 
gain  of  the  scattered  wave.  Solving  for  Es,  we  find 

Xz 


(3.1A) 

(3. IB) 

(3- 1C) 


* 


(3-2) 
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where 


X.  -  J/iirfz 1 


and  (Es)g  is  a  constant. 

The  gain  is  proportional  to  Bp.  As  one  would  expect,  as  the 
pump  field  increases,  the  gain  increases.  The  coefficients, 
and  Aj,  are  functions  of  the  frequency.  Therefore,  the 
gain  is  a  function  of  the  frequency. 

Although  there  is  no  direct  experimental  measurement  of 
gain,  it  is  easy  to  calculate  a  reasonable  gain.  Suppose 
the  thermal  noise  due  to  the  electron  beam  corresponds  to  an 
energy  of  100  eV.  The  kinetic  energy  of  the  electrons  is 
typically  50  KeV,  and  the  thermal  noise  is  due  to  a  0.2 
percent  spread  in  the  electron  velocities.  If  this  thermal 
noise  is  coupled  into  the  microwave  fields,  the  available 
power  to  initiate  the  Raman  interaction  is1^ 


(3-3) 


where  kg  is  Boltzman's  constant,  T  is  the  temperature,  and 
A  f  is  the  interaction  bandwidth.  Assuming  ^  f  s  1 
gigahertz,  we  find  that  the  thermal  noise  power  IS 
1.6  X  10"®  watts. To  amplify  the  noise  up  to  a  signal  of 
100  watts  requires  an  amplification  of  98  decibels.  The 
interaction  length  inside  the  magnetic  wiggler  is  typically 
17  centimeters  long.  Therefore,  a  gain  per  unit  length  is  6 
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decibels  per  centimeter.  No  consideration  for  signal 
saturation  is  taken  into  account  because  the  scattered 
microwave  power  is  much  smaller  than  the  pump  wave  power. 
The  pump  wave  power  is  at  least  in  the  megawatt  range. 

From  my  own  pulse  C02  laser  experience^1,  I  estimate 
the  gain  per  unit  length  as  .06  decibels  per  centimeter  for 
a  25  megawatt  laser  pulse.  This  gain  is  calculated  using  an 
initial  noise  power  of  10-1^  watts^^  and  a  HO  pass  build-up 
time,  91.6  centimeters  per  pass.  We  see  that  the  gain  from 
the  Raman  backscattering  interaction  is  enormous  compared  to 
the  gain  of  a  medium  sized  pulse  C02  laser. 

The  following  calculation  is  a  more  realistic  version 
of  the  Raman  backscattering  calculations  done  by  Crewe^.  we 
will  find  that  solving  the  problem  with  cylindrical  boundary 
conditions  does  make  the  solution  more  complicated. 

3.1  THE  DERIVATION  OF  THE  SIMPLIFIED  RELATIVISTIC  FORCE 
EQUATION 

When  written  out  in  cylindrical  coordinates,  the 
relativistic  force  equation 

<b-« 

has  many  terms  in  each  directional  component.  We  need  to 


choose  a  frame  of  reference  in  which  all  perturbation 
velocities  are  small  in  magnitude  compared  to  some  single 
characteristic  velocity  of  the  electron  beam.  In  the 
electron  beam  frame  of  reference,  there  is  no  single  large 
characteristic  velocity,  and  the  perturbation  velocities  in 
the  radial,  azimuthal,  and  longitudinal  directions  are  all 
approximately  of  the  same  amplitude.  Thus,  in  this  frame,  no 
simplifications,  due  to  magnitude  ordering,  are  applicable 
to  the  force  equation. 

But,  if  we  transfer  the  calculations  into  the 
laboratory  frame  of  reference,  the  characteristic  velocity 
is  the  electron  beam  velocity,  vQ.  For  the  perturbation 
velocities  to  be  much  smaller  than  vQ,  we  must  require  that 
the  perturbation  electric  and  magnetic  fields  to  be  much 
less  than  the  accelerating  field  in  the  electron  gun.  A 
typical  accelerating  voltage  is  approximately  80  kilovolts 
for  a  =  vQ/c  -  1/2,  where  c  is  the  speed  of  light. 
Therefore , 

^  s*'"*  <3'5S) 

Since  can  result  in  as  large  a  velocity  perturbation 
as  an  electric  field,  an  additional  requirement  is 


^  «  S~0  0  fttass 


(3.5B) 
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The  equation  of  force,  (3.M),  must  be  simplified  to  remove 
the  relativistic  factor  outside  of  the  time  derivative. 


We  know  that^1*: 


-&(*£)  r 


*  yjc-vv  rtf 


Since 


then 


firm 


JJL  -  \,zJL- ,  iJL 

-ft  -  y  c*  ,r  at 


VX--  /3fV*  -fr 


Collecting  all  the  terms,  we  have: 


^  (Xy)  -  X  '-§£  t  -£x  y  ( x  • 

■fX  H'  zy  +  -£*. Y.(y-yx  -y) 


Letting  : 


*4- '•  $+ +  (  v>  t  V*)  e.t 


(3.6) 


(3.7) 


(3.8) 


(3.9A) 


(3.9B) 


(3.10) 


(3.11) 


where  e_,  e^, ,  and  e_  are  unit  vectors,  we  find  that,  to 

v” '  -*9  ’  «.  Z  ’  ' 


first  order,  each  directional  component^7  of  (3.10 
to : 


(JJTi  “  4ri) 
(4(^))-e  ~  7  ^  ^§J 

The  definition  of  jf  g  is: 


&**(r*n) 

/-V-  AJ  y 


Setting  F  equal  to  the  Lorentz  force, 

F--  -e(jf  +  -£*#) 


The  zeroth  order  equation  of  motion  is: 

f=0 

The  first  order  equations  of  motion  are: 

+  K*  Te-  -  '  -^ib(Fh- 

#  7^  ^  6**  /  4^.  -# 


)  reduces 

(3- 12A) 

(3.12B) 

(3.12C) 

(3-13) 

(3.14) 

(3.15) 

(3-16A) 


(3* 16B) 


- //r 


(3.16C) 


-e  and  in  are  the  charge  and  mass  of  an  electron.  The  E's  and 
B's  are  the  electric  and  magnetic  fields  of  the  electron 
beam  mode,  the  pump  wave,  and  the  scattered  wave.  All  the 
perturbation  velocities  are  due  to  the  wave  fields 
interacting  with  the  electrons.  BQ  is  the  strong 
longitudinal  guiding  magnetic  field  in  the  z  direction.  Bq 
is  much  larger  than  any  of  the  wave  field  components. 

Equations  (3-16A)  and  ( 3 - 1 6B >  are  coupled  to  each  other 
via  the  ve  Bq/c  and  vrBQ/c  terms  on  the  right  hand  sides. 
This  coupling  is  important,  as  it  can  lead  to  resonance 
effects.  From  (3.16)  and  the  equation  of  continuity,  we  will 
derive  a  complete  set  of  perturbation  velocities  and 
densities  due  to  each  wave. 


3.2  THE  WAVE  FIELDS 


There  are  three  waves;  the  incident  wave  or  the 
electron  beam  mode,  the  pump  wave  or  the  magnetic  wiggler 
wave,  and  the  scattered  wave  or  the  emitted  microwaves.  For 
the  production  of  high  power,  coherent  microwaves,  it  is 
necessary  that  the  electron  beam  be  bunched  in  the  z 
direction.  Therefore,  only  E^  i  0  is  needed  and  all  other 
electron  beam  mode  fields  are  set  to  zero.  Since  the 
electron  beam  is  nonneutral,  there  exists  a  radial  electric 


field  due  to  the  electrons'  mutual  repulsion.  But  this 
radial  electric  field  crossed  into  the  guiding  magnetic 
field  gives  an  asimuthal  drift  of  electrons  that  is  on  a 
time  scale  that  is  slow  compared  to  both  the  frequency  of 
the  scattered  microwaves  and  the  electron  cyclotron 
frequency.  Therefore,  this  radial  electric  field  is  not 
included . 

A  frequency,  cjU  ^ ,  a  wavenumber,  k^ .  and  a  phase, 
are  associated  with  the  electron  beam  mode.  We  will  assume 
that  the  electron  beam  mode  is  an  electron  plasma  mode.  The 
electron  beam  is  assumed  to  be  perfectly  cold  as  it  enters 
the  interaction  region.  The  electrons  can  have  velocity 
components  in  all  three  directions,  but  all  electrons  have 
the  same  velocities.  The  beam  mode  is  modeled  as  : 

A  Si  '****■  A)  +  c,c.  <3.17 

where  c.c.  stands  for  complex  conjugate. 

The  fields  of  the  pump  wave  are  those  appropriate  for 
the  interior  of  a  magnetic  wiggler  immersed  within  an 
uniform  longitudinal  magnetic  field.  Referring  to  figure 
3.1,  we  see  that  the  magnetic  wiggler  is  a  series  of 
circular  disks.  Every  other  disk  is  made  of  iron,  which 
tends  to  pull  the  magnetic  field  lines  towards  itself.  The 
remaining  disks  are  made  of  aluminum,  which  are  non- 


FIGURE  3.1  THE  UNDULATOR  AND  THE  RESONATOR  STRUCTURE 


magnetic 


Since  there  are  no  currents  or  displacement 


currents2?,  we  have 

( 7 X  £>  -  0  (3.18) 

Therefore,  B  can  be  represented  as  the  negative  of  the 
gradient  of  a  scalar  field,  $ w 

S=-V$^  ‘3.19) 


Since  {7, B  =  o,  we  have: 


(3-20) 


From  figure  3.1,  we  see  that  must  be  evaluated  within  a 
cylindrical  coordinate  system.  Assuming  no  &  dependence,  we 
have  a  solution2®  of  the  form: 


^  /  c.c. 


(3.21) 


^  p  is  defined  as  the  wavelength  of  the  static  magnetic 
field  within  the  wiggler.  kp  is  defined  as  •' 


(3.22A) 


a  phase  constant. 


The  phase  velocity,  o/p/ kp  is  zero 
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because  the  magnetic  field  is  static  in  the  laboratory  frame 
of  reference.  Since  kp  is  nonzero,  the  pump  frequency,  CO p» 
must  equal  zero. 


l/Jp  -  O 


(3.22B) 


Referring  to  (3.19),  we  find: 


y  cc. 


To  avoid  unnecessary  complication  with  modified  Bessel 
functions  at  this  time,  the  magnetic  pump  field  will  be 
defined  as: 


(3.24) 


where 


l  vltlzeL 


(3.25A) 


(3-25B) 


One  important  point  to  note  is  that  only  the 
fundamental  wavelength,  ^  ,  is  used  in  the  derivation. 
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Since  the  magnetic  wiggler  in  figure  3.1  appears 
approximately  as  a  square  wave  near  the  inside  edge  of  the 
magnetic  wiggler,  we  should  have  used  a  Fourier  expansion 
for  the  z  dependence  of  $  y  Only  the  odd  harmonics  need  to 
be  included.  The  higher  harmonics  are  obviously  much  weaker 
in  amplitude  than  the  fundamental,  but,  experimentally,  they 
turn  out  to  be  important.  We  will  use  only  one  Fourier 
component  in  the  remainder  of  this  chapter.  Higher  harmonics 
are  easily  accounted  for  by  setting : , 30 , 31 


i  "  ( ~k)  »  --  h  S,  7,  •  •  ■ •  <3-26) 

The  remaining  wave  to  be  considered  is  the  scattered 
wave.  From  the  experiment,  we  have  observed  that  the  emitted 
microwaves  have  a  lower  frequency  bound  corresponding  to  the 
TE0i  mode  cutoff.  Therefore,  to  simplify  the  following 
analysis,  the  scattered  wave  will  be  assumed  to  be  in  a  TE 
mode.  From  Jackson^,  we  fincj  that  the  general  form  of  the 
TE  mode  is 


f  fa) 


/  C.  C. 


(3.27A) 


and 


C.C. 


(3.27B) 


where 


OS  -  K* 
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and 

-p-  -A* 


3.3  THE  VELOCITIES,  ELECTRON  DENSITIES,  AND  CURRENT 
DENSITIES 

The  equations  of  motion  will  be  broken  up  into  three 
separate  sets;  one  set  for  each  wave.  The  superscripts  or 
subscripts  p,b,s  represent  the  pump  wave,  the  electron  beam 
mode,  and  the  scattered  wave,  respectively. 

Raman  backscatter ing  is  a  second  order  process  driven 


by  a  nonlinear 

current 

consisting 

of 

density 

flucuations , 

created 

by 

one 

wave,  and 

of 

velocity 

flucuations , 

created 

by 

another 

wave.  There 

will 

also  be 

second  order 

corrections 

to  the 

velocities , 

the 

electron 

densities, 

and  the 

currents 

due  to  wave 

mixing.  The 

definitions  are  stated  as  follows: 


(3.28A) 

(3.28B) 

(3-280 


-\V'. 


yy* +&  +a  +&  *  &)'*+ 1*)'""*)™ /  c. e.  (3-29) 


where 


K  --  H  e, 

A/  ^ 


}>  r/£*yifSeJc*(4’*''*>  *  c-c- 

Zh-fVf'ettvf  Zi) e  <(te /  c. 


(3.30A) 


(3.30B) 


(3.30C) 


:(tftt  +  v£e,  y  yg§t)ee7&  /  c.c.  <3-3°D> 

(y>f^Tth  t  C//y%y-^/J%)e;^y^^  c.c.  <3-3oe> 
«i)‘**W%i‘(y’/Jwep y (3-30F) 

tttffs*  * <<$/%)c  c.  c.  ( 3- 30G) 

Vq  is  the  zeroth  order  velocity,  the  v’s  are  the  first  order 
velocities,  and  the  (v)^)’s  are  the  second  order 
velocities . 

The  definitions  for  the  electron  densities  follow  the  same 
pattern  as  the  velocities  do. 
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(nJ2}eUk^oJlUps)i-  c.c. 

where  nQ  is  the  unperturbed  electron  beam  density. 

The  current  densities  are  defined  as  follows: 


(3.3D 
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(3.33A) 


(3-33B) 


(3.33C) 


(3.33D) 


The  second  order  current  densities  are  more  difficult  to 
determine. 
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where  we  define 


and  A  is  an  arbitrary  complex  quantity. 

The  complex  conjugations  in  equations  (3*310  arise 
naturally  from  the  frequency  and  wavenumber  relationships 
among  the  pump,  beam,  and  scattered  waves.  Consider  the  wave 
relationships  as  shown  in  figure  3*2.  We  define: 

-  OJh  2  uJp-  o  (3.35A) 

and 

p  J  -  1 1  (3.35B) 

Then ,  we  have : 

-  (A  i-UJst)  f 

--  Cfa-utf)  -XjJip  ? 


(3.36A) 

(3.36B) 


(3.360 


FIGURE  3.2  THE  RELATIONSHIPS  AMONG  THE  PUMP,  BEAM,  AND 
SCATTERED  WAVES. 


r  &  i-  0P 


(3.36D) 


Since  all  perturbations  vary  as  ei(kz-ujt) ,  equations  (3. 36) 
are  needed  to  keep  the  proper  phasing  among  the  beam,  pump, 
and  scattered  waves.  Referring  to  the  second  order  current 
densities  as  defined  in  equations  (3*34),  the  conjugations 
are  chosen  such  that  the  proper  phasing  is  retained. 

It  should  be  noted  that  equations  (3*16)  are  still 
valid  to  calculate  second  order  quantities.  The  terms  left 
out  have  frequencies  and  wavenumbers  of  the  second  harmonic 
and  we  are  interested  only  in  terms  at  the  fundamental 
harmonics,  kpz,  kbz-o>bt,  and  ksz-tc>st. 

3.4  THE  CALCULATION  OF  THE  FIRST  ORDER  VELOCITY 
PERTURBATIONS 

In  the  laboratory  frame  of  reference,  the  calculation 
of  the  first  order  velocity  perturbations  is  simple  because 
all  velocity  perturbations  are  much  smaller  than  the 
electron  beam  velocity, vQ.  Reviewing  equations  (3.16)  once 
again,  we  find  that  they  are  all  similar  to  one  another, 
except  that  the  z  component  has  a  /  ^  factor  whereas  the  r 
and  S  components  have  a  factor. 

Starting  with  the  pump  wave,  we  find  from  (3.16): 


•  V*  V  . 


'J  V-  v.  •  - 


(3.37A) 


dW  ,  <m  =  -  (Jk  /t'-ULa  ) 

-jf  -f~Vo  Y0*7  ^  c.  Oh  c.  Oo/ 


(3.37B) 


at  “  O 


(3.37c) 


The  factor  ei (k^z+j^  )  has  been  dropped  since  it  appears  on 
both  sides  of  the  equations  above.  The  pump  fields  are  given 
by  (3.2M)  and  (3.25).  Fourier  analysing  and  noting  that 
lo p=0,  we  find  that 


W =  i  (yXX  if  ^ 

V*  z  it 


(3.38A) 


(3.38B) 


Vi'O 


(3-380 


We  see  that  v£  and  v£  are  coupled  together.  Substituting  for 
vP  in  (3.38B),  we  find: 


v»*±to$s)£f: '(t)z(jfrf4,  v£ 


(3.39) 


Rearranging  terms,  we  find: 


L  l/0 


Ui,vc)*-JLZ 


( 3 . 41  A) 


Substituting  for  v£  in  (3.38A), 

/  ill  _ 


C  3  -  4  IB) 


Inspecting  the  denominators  of  ( 3 • 4 0 A )  and  (3.40B),  a  first 
order  resonance  occurs  if 


(3-42) 


or 


Mo 


7  /"  Ov  )  /z 

^  (  Cstaf  court  see.  J 


Choosing  the  experimental  parameters  of  : 


y)j  p  =  1/3  centimeters 


Vq  r  c/2  =  1 .5  X  101®  centimeters  per  second 
(T 0  *  ’-’55, 


the  required  magnetic  field  for  resonance  is  : 
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Bn  =  1 .8  X  104  gauss 


Our  typical  guiding  magnetic  field  strengths  are 


approximately  a  factor  of  three  lower  than  this  value. 


Therefore,  we  are  far  from  resonance,  and  the  electron  beam 


velocity  does  not  change  appreciably  from  v0  as  the  beam 


passes  through  the  interaction  region. 


Next  we  consider  the  beam  mode.  From  (3*17),  we  have 


assumed  only  a  z  component  for  the  electric  field.  This 


electric  field  will  be  related  to  electron  beam  bunching. 


Referring  to  (3.16C), 


(3.^3) 


By  Fourier  analysing  and  regrouping  terms,  we  find: 


vp  -( /. )  £* 


(3.44A) 


There  are  no  other  velocity  perturbations,  to  first  order, 


due  to  beam  bunching.  We  choose: 


i 4**0 


(3.4MB) 


to 


(3.44C) 


Referring  to  (3.16),  we  see  that  (3.44B)  and  (3.440  lead  to 


,  -  .  •  .i 
-1 


a 


the  dispersion  of  an  electron  cyclotron  wave 


Lk  tSL 


(3.^5) 


The  final  wave  to  consider  is  the  scattered  wave 
Referring  to  (3*16)  and  (3-27),  we  find 


Jig  , 

~JF  +  1/0 

Zl/t  <2  l/a 


Vo*? 

(l ^  Sh  '  if  fo) 


e>? 


p  4 


( 3. 46A) 


(3.46B) 


(3.460 


Fourier  analysing  and  regrouping  terms,  we  find: 


c  .  /  £  _  i  Vfr 

^---‘(^JolFkvV)  (3-m> 
1^*  -1  (j&z)  CHIU)  (c ^  ( 3 •  “7B) 


( 3 . 47A) 


Vi  -  o 


Substituting  (3.47A)  for  v®  into  (3-47B),  we  find: 


(3.470 


/  .  _ 

(curk^f 


(3.4BA) 


r 


(3. 48B) 


'3-  - 


(cejfutf) 


forty  ((Jjjrk^y 


/ - =4L . 


From  (3.28B),  we  know  that 


_  -C-~i  /Tx 

/>  “  cJs 


Substituting  into  (3.48A)  and  (3*48B),  we  find: 


s  /  V2 2  )(oJs-k</> }i  c£t 

\(<di-ksVaJ 2--/ly  >  /' 

•/  (oJi-k*)*  )/jt  )/  Zf£\ 


(3.28B) 


(3.49A) 


(3-49B) 


As  expected,  for  energy  to  be  transfered  from  the 
electron  beam  to  the  scattered  wave,  or  vice  versa,  it  is 


necessary  for  the  electron  beam  velocity, 


to  be 


different  from  the  scattered  wave  phase  velocity,  u)s/ks. 


Note  that  there  is,  again,  a  first  order  resonance  for 


nACuKi 


This  resonance  must  also  be  avoided  because  we  are 


interested  only  in  a  second  order  interaction.  This  first 


order  interaction  is  a  Cerenkov-like  interaction. 

This  concludes  the  calculation  of  the  first  order 
velocity  perturbations  due  to  the  pump,  beam,  and  scattered 
waves. 

3.5  THE  SECOND  ORDER  VELOCITY  PERTURBATIONS. 


The  second  order  velocity  perturbations  come  about  from 
the  mixing  of  first  order  velocity  perturbations  of  one  wave 
with  the  magnetic  field  components  of  a  second  wave, 
resulting  in  a  velocity  perturbation  at  the  frequency  and 
wavenumber  of  the  third  wave.  Also  the  second  order  velocity 
perturbations  may  interact  with  the  guiding  magnetic  field 
to  redirect  the  second  order  motion.  Recall  that  the 
relations  (3*16)  are  still  valid  for  second  order 
calculations  since  we  are  interested  in  perturbations  at  the 
fundamental  frequencies  and  wavenumbers  only.  For  ease  of 
notation,  s(j)  will  be  defined  as  the  sign  of  j. 

Starting  with  the  pump  wave,  the  second  order  equations 
of  motion  are: 


The  superscript  j's  result  from  the  resonance  conditions 
(3.36).  Noting  that  there  are  cross  terms  in  (3.51A)  and 
(3.51B),  the  solution  of  each  component  is: 


-Slj)  (& %  J/ji J J  (#1 )  j 


(3.52B) 


'  /£Vo  (&)  J'> 


(3. 52C) 


The  expressions  for  the  velocity  perturbations  and  the 
magnetic  field  components  are  given  in  previous  sections  of 
this  chapter.  For  ease  of  manipulation,  the  substitution  for 


these  expressions  will  not  be  made  yet. 

The  second  order  equations  of  motion  for  the  electron 
beam  mode  are: 


(3-53C) 


The  (iBz)’s  are  due  to  the  Bz  components  being  out  of  phase 
with  the  Br  components.  Solving  equations  (3-53)  in  the 
usual  manner,  we  find: 


(3.54B) 


Finally,  the  second  order  equations  of  motion  for  the 


scattered  wave  are: 


(3.55A) 


(3.55B) 


(3.55C) 


Solving  equations  (3.55),  we  find 

wsfjv] 

1  vtf“- 

■‘rwkr  WXeil’i] 


(3.56A) 


(3.56B) 


(3.560 


As  seen  from  (3.54C),  there  will  be  longitudinal  bunching  of 
the  electron  beam  due  to  the  interaction  of  the  magnetic 
wiggler  wave  and  the  scattered  wave. 


3.6  THE  CALCULATION  OF  THE  ELECTRON  DENSITY  PERTURBATIONS 


The  electron  density  perturbations  are  calculated 
through  the  use  of  the  continuity  equation^3: 


it  tv-  (ny)  -  O 


(3-57) 


where  n  is  the  total  density  and  v  is  the  electron  velocity. 
To  first  order,  without  the  mixture  of  terms  from  different 
waves,  (3.57)  reduces  to 


TF  + tjf.  -  0  S  <3-58) 

nQ  is  the  constant,  unperturbed,  initial  electron  beam 
density,  Vq  is  the  constant  unperturbed,  initial  electron 
velocity,  n^^  is  a  first  order  electron  density  perturbation, 
and  v^  is  a  first  order  velocity  perturbation.  Throughout 
this  calculation,  there  are  radial  and  longitudinal  (r,z) 
dependences,  but  there  is  no  asimuthal  (^)  dependence. 

Again,  it  is  necessary  to  Fourier  transform  (3.58)  for 
each  wave.  For  the  pump  wave,  (3*58)  reduces  to: 


A>  V-\//>+\/o'  Vfop  -  o 

Recall  that  £i/p  =  0.  Noting  that  there  are  only  r  and  z 
dependences,  (3.59)  becomes.' 


/7.  #  ^  /  it,  A  //  tit,/,/?,  -  O 


where^ 


0- r  "rifc  ^ 


From  (3-38C),  we  see  that  vP  =  0.  Thus: 


4,^ 


(3.60 


(3.61 


(3.62 


Following  the  same  procedure  for  the  beam  mode,  we  find: 


-t-r>„  v-  ^  ty,  ■  r/ti  *  o 

/W  /V  M  ^ 


Fourier  transforming,  we  find: 


(3.63 


"'‘*4  ^  0.  i/p  riky  h0  -  o 


(3.6^ 


Collecting  terms,  we  find: 


(3.6*5 


From  (3.4MB),  vj?  was  chosen  to  be  nonzero  to  allow  for 
transverse  electron  motion.  v|?  is  small  and  it  does  vary 
with  the  magnetic  field.  The  magnetic  field,  itself,  does 
vary  with  the  radius.  The  pump  magnetic  field  magnitude  is 
approximately  15%  of  the  guiding  magnetic  field  amplitude. 
Therefore,  a  good  approximation  is  to  set 

tfh  tf*-  O  (3.66 


and,  thus, 


4  4 


For  the  scattered  wave,  the  continuity  equation  is: 


(3.67 


Z-Vs  -tj/c  -  O 


(3.68 


Fourier  transforming,  we  find: 


l  (Os  ft*  Oq  /  ( y^5  /?0  y  l  ks  Vo  ~  O  (3.69 

From  (3.47C),  we  know  that  v®  =  0.  Therefore,  (3.69) 


becomes : 


'fj 


r  Lf/o 


CtO. $~k*  Vo) 


The  next  order  of  business  is  to  calculate  the  second 
order  electron  density  perturbations.  Referring  to  (3*57), 
we  find  that  the  appropriate  equation  for  this  calculation 


*  /•  (I‘SZJ  -rw)  u>+  Jf •  '*/#)  =  O « 3 . 7 , 

atj*k) 


it  j,  and  k  represent  any  permutation  of  the  pump,  beam,  and 
scattered  waves.  In  the  term  with  the  summation  over  j  and 
k,  the  jth  and  kth  terms  are  assumed  to  have  the  proper 
conjugation  to  maintain  the  proper  phasing  with  the  ith 


term. 


For  the  pump  wave,  (3*71)  reduces  to 


*4  ^  to*/**  J 7'  Cl)(ybfij  (3.72 


-  o 


Solving  for  (np)  , 


For  the  beam  mode,  (3.71)  becomes 

y  Jt  y,  (fijiv 

+X’(<+i'i,W  /  (vjtyj  lP)  -  O 


(3.74 


Solving  for  (nb)  , 


<V 


fcAw'V/'V  3  • 75) 


For  the  scattered  wave,  (3.71)  reduces  to  - 
-  iuJs  +  fa  £.  (£)<*>  /  /4  ^ 


(3.76) 


Solving  for  (ns)  , 


^  '  CuJrk  73  fa*  Z'ty)  7  (3.77) 


In  equations  (3-73),  (3.75),  and  (3*77),  the  17  ’ s  have  both 
a  radial  component  and  a  longitudinal  component.  We  will 
find  that  the  radial  components  are  difficult  terms  to  deal 
with  in  the  gain  calculations. 


3.7  THE  ELECTRON  CURRENT  DENSITIES 


Only  the  three  most  important  current  densities  will  be 
considered  in  this  section.  The  first  is  the  unperturbed 
electron  beam  current  density, 


Jl 


(3.78) 
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This  current  density  will  be  used  to  calculate  the  electron 
beam's  self  magnetic  field  to  show  that  it  is  insignificant 
compared  to  the  magnetic  wiggler  pump  wave. 

The  second  current  density  is  that  which  drives  E^, 
which  is  related  to  the  electron  beam  bunching.  This  current 
density  is  : 

( v£)  a/-  (fit)  «4  K, 

(//)  -  CHs)  €  ( 3  • 79) 

From  (3-38C)  and  (3-47C),  both  v|  and  v|  are  zero.  Then 
(3-79)  reduces  to 

(j£)ftA/  n  <3-80> 

The  substitution  for  each  term  will  be  delayed  until  a  later 
section . 

The  third  electron  current  density  will  be  that  which 
drives  the  scattered  wave  electric  field,  E®.  The 
appropriate  current  density  is: 

( Je%A,  eO/ef1'-  (n^-JUcvg) -  e  < 3 • 81  > 


Again,  the  substitution  for  each  term  will  be  delayed  until 
a  later  section  in  this  chapter. 
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3.8  THE  CALCULATION  OF  THE  AMPLITUDE  GAIN  FOR  THE  PUMP 

WAVE. 


From  Jackson35f  it  is  easy  to  derive  the  wave  equation 
for  a  magnetic  field  propagating  in  a  medium. 

V  Q  ~  -  c.  ^  VXJ  (3.82) 

£  is  the  dielectric  constant  of  the  medium,  is  the 

permeability,  and  J  is  the  current  density  to  all  orders. 
Recalling  that  the  pump  wave  is  a  zero  frequency  wave,  the 
term  with  the  second  time  derivitive  drops  out  of  (3.82). 
For  the  moment,  if  we  disregard  all  electron  current 
densities,  we  find: 

tf2/?  =  O  (3.83) 


The  magnetic  wiggler  field,  which  is  given  by  equations 
(3.24)  and  (3-25),  satisfies  (3-83). 

The  largest  perturbation  to  the  magnetic  wiggler  field 
is  due  to  the  electron  beam's  self  magnetic  field,  induced 
by  J0  =  -n0ev0.  To  calculate  the  amplitude  of  this  self 
magnetic  field,  we  shall  use  Ampere's  Law36; 


VkH-- 

/V/  ^ 


( 3  •  84A) 
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or,  in  integral  form^, 


jj.jj ,  j. y. 


(3.8MB) 


where  C  is  the  closed  line  contour  around  the  surface  S. 
Since 


0-Jfe  // 


(3.85) 


and,  for  our  case, 


o  ~  i  ? 


(3.86) 


we  find  from  (3.8MB)  that: 


’  *  ft"  >  !■*  *• 


(3.87) 


An  infinite  cylindrical  surface  has  been  assumed,  Rq  is  the 
outer  radius  of  the  electron  beam,  and  is  independent  of 


To  estimate  the  amplitude  of  this  perturbed  magnetic 
field  at  the  electron  beam  perimeter,  let: 


ne  *  Crr'3 


v.  -  Sr 


(3-88A) 


(3.88B) 


0,  S'  ctr7- 


(3.88C) 


We  know  that 

£  -  y,  ?  X  /  0~/O  sfafcdu/o/r?^ 


(3.88D) 


(3.89) 


This  is  much  smaller  than  the  magnetic  wiggler 
is  of  the  order  of  one  hundred  gauss.  Therefore, 
is  discarded. 

All  first  and  second  order  contributions  to 
smaller  than  JQ  and  are  discarded  also.  (3-83) 
the  master  equation  for  the  pump  field. 


field  which 
^  perturb 

Jp  are  much 
remains  as 


Since 


(3-90) 


(3.91  ) 
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& « ( t*‘)  t*- 


(3.92) 


kp  is  proportional  to  the  amplitude  gain  or  loss  per  unit 


distance.  Letting 


V 


_<2. 
Pzr  7 


(3.93) 


(3.83)  becomes: 


~(?/ /  2/'L  pT  Sfi 


(3.94) 


=  C> 


j  p  T 

(kp)^  has  been  dropped  since  kp  <<  kp. 

Since  the  magnetic  wiggler  fields,  given  by  equations  (3.24) 
and  (3-25),  satisfy: 


(3.95) 


then , 


P4 

az 


-  o 


(3.96) 


for  any  component  of  the  pump  field.  (3*96)  is  equivalent  to 
(3. IB)  with  A 2  -  0 . 
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3.9  THE  CALCULATION  OF  THE  AMPLITUDE  GAIN  FOR  THE  BEAM 
MODE. 


The  wave  equation  for  a  propagating  electric  field  in  a 
medium  of  dielectric  constant  £  is^^; 


Mi  Jz£  . 
^  J/2  ' 


<?  VWfyU!  f  ~7t 


(3.97) 


(n)total 

electron 

Since  we 

field  of 


and  (J)total  are  ^he  electron  beam  density  and  the 
beam  current  density  to  all  orders,  respectively, 
will  deal  only  with  the  z  component  of  the  electric 
the  beam  mode,  (3.97)  reduces  to 


e 

G*  ~ 


(3-98) 


where 


to**)"* 

and 


J?  +  (J/Ju> 


(3.99A) 


(3-99B) 
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Also 


£-/  (3.100A) 

M~  /  (3.100B) 


since  the  electron  beam  is  located  within  a  vacuum  region. 
Referring  to  (3.80)  for  the  expression  of  (JzHotal>  the 
Fourier  transformation  of  (3.98)  is: 


y/  Vrr  e/7c  (y*  /  (  y‘)  <*>) 


(3.101) 


Substituting  for  nb  from  (3.65),  we  find: 


,  Viren* 
r 

+i¥*e( 

/  ifae/Po 


(3.102) 


Referring  to  (3.MHA)  and  substituting  for  v|f  (3. 101) 


becomes : 


(  i  '  c 2  ^  (l^'^o)2'  '**>  ~C*JJ  (? 


Yzfij*.  /j£S&  L  iv  ,/i 

(.ty-ktVo)  '  c*  k*)  Vh  V> 

i  l9lf€.  ( ~c^  ~A)  (fy){ 

+  lY7ren0  ( t/JJ<v 


(Z) 


(3.103) 


where 


*  _  ^7T/70  e 2 

'bJp/asma,  ~  y  3  /rl 


(3-104) 


We  can  no  longer  delay  dealing  with  the  second  order 
terms.  As  a  shorthand  notation,  RHS  will  stand  for  the 
right  hand  side  of  equation  (3.103).  Substituting  the 
expressions  from  (  3.75),  (  3-54C),  ( 3 • 3 8C ) ,  and  (3.47C)  into 
(3.103), 


If  we  keep  the  electron  beam  diameter  at  least  four 
times  smaller  than  the  diameter  of  the  magnetic  wiggler,  the 
pump  field  gradients  will  not  be  large  in  the  interaction 


same 


region.  Therefore,  the  \fr  term  will  be  of  the 
magnitude  or  smaller  than  the  second  term  of  (3*106).  We 

will  drop  the  first  term  of  (3.106),  realizing  that  the  gain 
calculations  to  follow  may  be  too  optimistic. 

If  we  substitute  (3.41A),  (3.28B),  and  (3.49B)  into  the 


remaining  term  of  (3.106),  we  find: 

2 


U  c  /  ^4  £ 2  Vv 2-  J  /  .  i 


(3.107) 


(3.108A) 


where 

-4k0/ 


(3.108B) 


and 

A1  j?  ? 

and,  if  we  substitute  these  equations  into  the 
(3-103),  we  find: 


(3.108C) 

LHS  of 
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-LU- 


Ldptasrrx. 

~^A^) 


Noting  that  (3.107)  is  imaginary,  we  equate  (3-109) 
(3.107),  and  we  find: 


(&-(/- 


cut-h^M 


I  /—  b 

C  7  ~ 


( 


Since  we  have  assumed  an  electron  plasma  mode 


M-4*/  = 


tna. 


(3-11 0 A )  and  (3.110B)  reduce  to: 


V*£Z  =  o 


3.109) 


and 


3- 1 10A) 


3. 1 10B) 


(3- 1 1 1A) 


W/XtunTu  /  Y)  \  .. 


y* 


Cu^s-kv*)*  l/&f  )rrs 
(id$  'k  Vo)z-Jt zJ(&o 


(3.111B) 


(3.111B)  gives  the  expression  for  of  ( 3 . 1 A ) 


3.10  THE  CALCULATION  OF  THE  AMPLITUDE  GAIN  FOR  THE  SCATTERED 
WAVE. 


The  wave  equation  appropriate  for  the  scattered  wave  is 
given  by  (3.97).  We  are.  interested  in  the  amplitude  gain 
for  Eg.  Reducing  (3.97),  subject  to  the  requirements  for 
our  particular  case,  we  find: 

V*g-  150-  £  (Je%^ 

There  is  no  &  dependence  and  within  the  area  of  the 
electron  beam,  where  the  scattered  wave  is  driven  by 
currents,  £  =  1,  and  ^  =  1.  (Js)total  is  Siven  by  (3-81). 
Doing  the  usual  Fourier  transforms,  (3.112)  becomes: 

/  l'Jj ^ 


(3.113) 


62 


Referring  to  equations  (3.49B),  (3-56E),  (3.61),  (3*65), 

(3*440,  and  (3.41A),  (3*113)  reduces  to: 


We  find  that  (3.114)  has  a  complex  collection  of  terms 
that  depend  on  vb  and  vb.  vb  and  vb  were  included  because 
they  allow  for  the  motion  due  to  a  cyclotron  mode  in  the 
electron  beam.  Let  us  assume  they  are  small  and  may  be 
dropped.  Dropping  the  conjugations  from  the  field 
quantities,  we  have: 
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Using  the  same  procedure  as  in  previous  sections,  we  let: 


/6  >4  ~tkf  t  <<  ^ 


(3.1 16A) 


LT- 


(3.115)  becomes: 


f f77'  Ujp/ai’r,0~  /  (UJj- ksl/i)  )])  -f 

(ft  ~(Xs  ~  c*  /  c*  (  (aJs-ks^-jf  J/JE& 


=  D 


(3. 1 16B) 


(3.117A) 


(3.117B) 


The  plasma  frequency,  ^piasnia/2?f  is  much  smaller  than 
either  the  scattered  frequency,  u?s/27f  ,  or  the  cyclotron 
f requency ,M. !2yf  .  Thus,  the  scattered  wave  dispersion  is: 


f&C2 


(3.118) 


where  ^c0  is  a  waveguide  cutoff  frequency.  The  coefficient 
A3  in  ( 3 • 1C)  can  be  obtained  from  (3.117B). 
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3.11  THE  CALCULATION  OF  GAIN 


In  sections  3.8,  3.9,  and  3.10,  we  have  obtained  the 
coefficients  A^ ,  A2,  and  A^  to  be  used  in  equations  (3.1). 
Solving  these  equations  for  the  scattered  wave  electric 
field,  and  assuming  A2  =  0,  we  obtained  (3.2)  where 


X- 1 M 


3  up 


The  average  power  gain  per  unit  distance  for  the  scattered 
wave  is  defined  as: 


L T*in~  (20  /op  (/eciJeA/c/ry. 


(3.119) 


where  z  is  the  total  magnetic  wiggler  length  in  centimeters. 
From  equations  (3.96),  (3.111B),  and  (3.117B),  we  have: 


~  K*cJL  scJ'  (kfS.f-Jl 2 


Cu^-hi/c) 2 
+  (uJyksof-jC 


(3.1 20A) 


(3. 120B) 


(3.1200 


Therefore , 


(ra-iti  ~  $‘b9 ( 4^/ V>)  ‘A- ) 


(3.121) 


3.12  CONCLUSION 

Given  the  dispersion  for  any  annularly  filled  waveguide 
and  knowing  the  pump  wavelength  and  the  plasma  density, 
(3.121)  can  be  used  to  calculate  the  gain  as  a  function  of 
the  frequency.  If  the  interaction  frequency  is  near  the 
waveguide  cutoff  (ks~0),  we  have: 


We  expect  that  the  (  U/3/k  term  would  soon  dominate,  and 
the  gain  would  become  large.  In  the  previous  analysis,  we 
assumed  that  the  growth,  k* ,  is  much  smaller  than  the 


wavenumber,  k.  The  analysis  could  be  used  for  a  high  growth 
regime  if  the  terms  of  order  (k1)2  were  included. 

At  high  frequency  where  uJ  s  -  ksvQ  ~  0,  we  find  that: 


(3-123) 


In  order  to  maximize  the  gain,  we  find  that  we  need  to 
increase  both  k  vQ  and  Jl  such  that  k  vn  >  Jl  . 


CHAPTER  4 


THE  EXPERIMENTAL  APPARATUS 

The  experimental  apparatus  can  be  divided  up  into  four 
basic  components:  the  high  voltage  network,  the  electron 
gun,  the  resonator,  and  the  microwave  diagnostics.  In 
practice,  the  electron  gun  is  the  most  difficult  component 
to  keep  working  well.  The  largest  challenges  in  the  future 
will  be  in  the  development  of  the  resonator  structure  and 
the  microwave  diagnostics.  In  the  following,  the 
experimental  system  is  described,  and  the  reasons  behind  the 
choice  of  certain  experimental  parameters  are  given. 


4.1  The  High  Voltage  Network 

The  design  of  the  high  voltage  network,  as  shown  in 
figure  4.139,40.  A  30  kilovolt,  200  milliampere  power 
supply  is  used  to  charge  up  the  capacitor  in  the  pulse 
forming  network.  A  capacitor  and  a  single  inductor  form  the 
pulse  forming  network.  A  150  kilo-ohm  charging  resistor  is 
used  prevent  the  power  supply  from  an  overload  during  a 
pulse . 

The  50  kilovolt  hydrogen  thyratron  is  a  high  voltage, 
high  current  switch.  At  zero  bias,  a  grid  in  the  thyratron 
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FIGURE  4.1  THE  HIGH  VOLTAGE  NETWORK 


prevents  the  formation  of  a  plasma  that  would  allow  a 
conducting  path  between  the  anode  and  the  cathode.  When 
given  a  positive  voltage  pulse  by  the  5C22  thyratron,  the 
grid  allows  a  plasma  to  form,  and,  thus  a  conducting  path  is 
established  for  current  to  flow41.  The  5C22  thyratron  is 
controlled  by  a  multivibrator  pulser. 

While  being  charged,  one  side  of  the  0.1  microfarad 
capacitor  is  grounded  through  the  18  microhenry  inductor  to 
the  primary  windings  of  the  pulse  transformer.  After  the 
charging  cycle  is  completed,  the  50  kilovolt  hydrogen 
thyratron  grounds  the  high  voltage  side  of  the  capacitor, 
and  a  negative  pulse  is  directed  into  the  pulse  transformer. 
The  maximum  charging  and  discharging  repetition  rate  is  ten 
hertz.  Usually,  we  set  the  repetition  rate  at  one  hertz. 

The  resonant  frequency  of  the  capacitor  and  the 
inductor  is: 


U)  *  rjL^-  -  X/O^ /'aJ'**s/stcor>S 

Resulting  in  a  pulse  width  time: 

-  (n£)(^:)  -  ¥>2X/6'&  Sicor?c/j  <«.2) 


The  extra  factor  of  1/2  is  needed  because  a  pulse  to  the 


electron  gun  is  one  half  a  cycle  of  a  sine  wave. 


The  effective  impedance  of  the  pulse  forming  network 
is : 

=/3.  y  o6f#s  c-3> 

The  pulse  forming  network  is  not  impedance  matched  to  the 
electron  gun.  Typical  electron  gun  parameters  are  100  to  250 
kilovolts  at  20  to  30  amperes.  Including  the  10  kilo-ohm 
bypass  resistor,  a  typical  electron  gun  impedance  is  roughly 
5  kilo-ohms.  Because  the  pulse  transformer  ratio  is  12  to  1, 
the  pulse  forming  network  sees  an  effective  impedance  of: 


tfx  $20  o-") 

It  turned  out  that  impedance  matching  was  not  important  to 
the  operation  of  the  electron  gun. 

The  pulse  transformer  is  a  400  kilovolt,  200  ampere, 
0.5  microsecond  rise  time  transformer  originally  used  to 
power  an  electron  gun  for  a  microwave  klystron  in  the 
Stanford  Linear  Accelerator.  It  is  a  bifilar  transformer  and 
it  can  be  pulsed  at  a  repetition  rate  as  high  as  300  pulses 
per  second.  The  maximum  pulse  length  is  ten  microseconds  and 
the  maximum  magnetic  flux  at  transformer  saturation  is  3.5 
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volt  -  seconds .  Although  not  needed  for  our  experiments,  a 
core  bias  power  supply  is  available  to  obtain  the  peak  power 
characteristics . 

The  heater  power  supply  for  the  dispenser  or  the 
barium  oxide  coated  cathode  is  a  variac  controlled, 
alternating  current  power  supply  in  series  with  an  isolation 
transformer.  The  power  is  directed  through  the  secondary 
windings  of  the  bifilar  transformer,  and  through  the  step 
down  voltage  transformers.  Typically,  at  an  operating 
temperature  of  1150  °C,  there  are  10  amperes  at  10  volts 
delivered  to  the  thermionic  cathode. 

Throughout  the  heater  supply  circuit,  there  are  small 
filter  capacitors  placed  to  prevent  voltage  transients.  The 
pulse  transformer,  the  filament  transformers,  the  core  bias 
inductor,  and  the  filter  capacitors  are  located  within  a 
transformer  oil  tank.  From  the  interface  flange  at  the  top 
of  the  transformer  oil  tank  to  the  electron  gun  assembly, 
the  high  voltage  line  is  insulated  by  sulfur  hexafluoride 
within  a  four  inch  PVC  pipe. 


4.2  THE  ELECTRON  GUN 


The  electron  gun  and  the  high  voltage  network  are  the 
most  difficult  parts  of  the  apparatus  to  keep  working 
properly.  A  great  many  problems  were  encountered  in  the 
construction  of  the  high  voltage  interfaces  between  the 
sulfur  hexafluoride  container  and  the  vacuum  system.  In 
addition,  the  vacuum  system  is  barely  large  enough  for  good 
high  voltage  holdoff. 

To  accelerate  the  electrons,  the  cathode  structure,  in 
which  the  heated  cathode  is  housed,  has  its  potential 
lowered  with  respect  to  ground.  The  anode  is  at  ground 
potential.  The  anode-cathode  gap  can  be  varied  from  0.95  to 
two  centimeters  or  more.  A  .550  inch  diameter  hole  is 
drilled  through  the  anode  to  allow  the  electrons  to  pass 
through.  A  magnetic  guide  field  parallel  to  the  z  direction 
is  provided.  If  the  magnetic  guide  field  were  not  present, 
most  of  the  electron  beam  would  hit  the  anode. 

The  cathode  support  structure  is  of  the  re-entrant 
variety.  On  the  inside,  the  vacuum  is  the  electrical 
insulator,  and,  on  the  outside,  sulfur  hexafluoride  is  the 
insulator . 

An  aluminum  pipe  lines  the  inside  of  the  vacuum 
container  in  the  vicinity  of  the  cathode  support.  Without 
the  liner,  charge  builds  up  on  the  pyrex  vacuum  vessel  and 
arcing  occurs. 


£>/■ 
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The  remainder  of  the  machine  in  the  resonator  section 
and  the  diagnostics  is  at  ground  potential.  The  only  fields 
to  accelerate  the  electrons  there  are  the  magnetic  pump 
field  (  to  be  described  in  the  next  section)  and  the 
microwave  fields. 

A  grounding  plane  consisting  of  a  wide  copper  strip 
running  from  the  transformer  tank,  and  beneath  the  pyrex 
vacuum  system,  to  the  resonator  area  is  used  to  provide  a 
common  ground  for  the  entire  system.  The  ground  plane 
effectively  helps  to  eliminate  the  noise  problem  in  the 
diagnostics.  The  ground  plane,  itself,  is  grounded  to 
overhead  water  pipes,  which  lead  to  the  earth  outside. 

4.3  THE  RESONATOR  STRUCTURE 

The  resonator  structure  includes  the  waveguide  with  its 
dielectric  loading  and  the  magnetic  wiggler.  This  is  the 
region  where  the  electron  beam  couples  to  the  waveguide 
modes . 

Figure  4.2  is  a  general  schematic  of  the  resonator 
structure.  The  waveguide  is  a  standard  circular  copper 
pipe.  The  waveguides  used  in  the  experiment  had  an  inside 
diameter  of  either  .495  inch  or  .373  inch.  Occasionally, 
long  waveguides  were  not  used.  The  experimental  set-ups  for 
these  situations  are  shown  in  figure  4.3. 
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FIGURE  4.3  THE  EXPERIMENTAL  CONFIGURATIONS  FOR  THE 
INTERFEROMETER  EXPERIMENTS.  (A)  WAS  USED  FOR  0.495  INCH 
DIAMETER  AND  SMALLER  WAVEGUIDES .  EITHER  THE  (B)  OR  (C) 
CONFIGURATION  WAS  REQUIRED  WHEN  THE  INSIDE  OF  THE  UNDULATOR 
WAS  THE  EFFECTIVE  WAVEGUIDE. 


On  the  front  of  the  waveguide,  a  molybdenum  electron 
beam  mask  was  sometimes  used  to  protect  the  annular  filler 
within  the  waveguide.  The  annular  filler  was  usually 
quartz,  but  plastics  with  low  losses  at  microwave 
frequencies,  such  as  polyethylene  or  polypropylene  were 
used.  Quartz  is  a  better  material  than  plastics  because  it 
is  less  easily  damaged  by  an  electron  beam.  For  the  vacuum 
Raman  experiment  no  liner  was  used. 

The  magnetic  wiggler  or  undulator  is  a  set  of 
alternating  aluminum  and  iron  rings  located  in  a  strong 
longitudinal  magnetic  field.  The  iron  rings  are  magnetic 
and  pull  the  magnetic  field  lines  towards  themselves.  Inside 
the  magnetic  wiggler,  rippled  field  lines  result,  as  shown 
in  figure  4.2.  This  is  the  zero  frequency  pump  wave. 

Well  beyond  the  undulator,  the  field  lines  from  the 
guiding  magnetic  longitudinal  magnetic  field  diverge 
outwardly.  The  electrons  follow  these  field  lines  into  the 
inside  wall  of  the  waveguide  or  the  liner.  A  few  electrons 
on  or  near  the  magnetic  axis  will  not  hit  the  waveguide 
walls  and  may  travel  into  the  diagnostic  area.  To  eliminate 
this  problem,  either  the  microwaves  are  guided  around  an  H- 
bend  and  the  electrons  hit  the  metal  walls  or  the 
diagnostics  are  located  far  downstream.  The  microwave 
diagnostics  are  outside  the  vacuum  system.  A  thin  teflon 
sheet  is  the  vacuum  seal  separating  the  maser  and  the 
diagnostics . 


4.4  THE  DIAGNOSTICS 


The  diagnostics  for  the  Raman  and  the  Cerenkov-Raman 
experiments  are  simple  and  reliable.  We  can  measure  the 
electron  beam  accelerating  voltage  and  current  and  the 
frequency,  power,  and  time  evolution  of  the  scattered 
microwaves. 

The  accelerating  voltage  between  the  anode  and  the 
cathode  is  measured  at  the  top  of  the  pulse  transformer  by  a 
capacitive  voltage  divider.  The  voltage  divider  is  a  model 
VD  500A,  made  by  Pearson  Electronics,  Incorporated.  Its 
division  ratio  is  10,330  to  1,  and  its  maximum  voltage 
capability  is  500  kilovolts.  The  voltage  divider  is  located 
in  the  transformer  tank  and  is  immersed  in  transformer  oil. 
The  output  of  the  voltage  divider  leads  to  a  BNC  connection 
on  the  exterior  of  the  transformer  tank.  A  BNC  cable  then 
leads  the  output  signal  into  an  oscilloscope  where  the 
output  voltage  versus  time  is  displayed. 

The  electron  beam  current  is  measured  with  a  model  1010 
Pearson  Current  Monitor  Transformer.  Its  placement  is  around 
the  electron  gun,  as  shown  in  figure  4.1.  The  Pearson 
Transformer  is  essentially  a  Rogowski  belt  with  an  iron 
core.  A  signal  output  of  0.1  volt  is  equivalent  to  1.0 
ampere  of  electron  beam  current.  The  Pearson  transformer 
and  a  Faraday  cup,  placed  downstream,  have  good  agreement  in 
the  measurement  of  current. 


The  microwave  detection  system  consists  of  standard 
microwave  detectors,  attenuators,  and  waveguide  transitions. 
Most  of  the  waveguide  transitions  and  all  of  the  waveguide 
bends,  attenuators,  and  detectors  use  rectangular  waveguide. 
Transitions  were  used  to  avoid  undesired  reflections  because 
we  wanted  the  maser  to  operate  in  a  superradiant  mode. 

The  particular  type  of  microwave  detectors  used  were 
1N26  and  1 N  5  3  diodes.  The  detectors  are  square  law 
detectors,  and,  at  power  levels  less  than  a  few  tens  of 
milliwatts,  the  video  output  is  proportional  to  the 
microwave  power. 

For  some  of  our  frequency  measurements,  we  used  high 
pass  frequency  filters.  They  are  made  by  drilling  circular 
holes  into  a  brass  block.  Microwaves  that  pass  through  the 
holes  must  have  a  frequency  greater  than  the  fundamental 
frequency  cutoff  of  the  holes.  The  length  of  the  filters  was 
at  least  five  free  space  wavelengths  of  the  fundamental 
frequency  cutoff  to  assure  large  attenuation  of  any 
microwaves  with  frequencies  lower  than  the  filter  cutoff. 

Some  detectors  were  equipped  with  tunable  micrometer 
stubs  suitable  for  interferometry.  The  stubs  are  near 
perfect  reflectors  of  microwaves  and  the  amplitude  of  the 
video  signal  from  the  detectors  varied  with  stub  position. 
The  distance  between  two  signal  maxima  or  minima  is  one-half 
a  guide  wavelength,  J  . 
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A  second  microwave  diagnostic  is  the  Fabry-Perot 
interferometer  shown  in  figure  4.4.  A  second  moveable 
screen,  with  attached  detector,  is  placed  behind  the  first 
screen.  Since  each  screen  is  only  partially  reflecting,  a 
microwave  resonance  can  be  set  up  by  adjusting  the  relative 
positions  of  the  two  screens.  As  the  moveable  screen  is 
translated  further  downstream,  the  detector  signal  w: ' ^  be  a 
series  of  maxima  and  minima,  corresponding  to  resonances  and 
anti-resonances,  respectively.  The  distance  between  two 
maxima  or  minima  is  one  half  a  free  space  wavelength.  This 
diagnostic  has  proven  useful  to  measure  the  wavelengths  of 
two  or  more  modes  that  exist  concurrently  in  the  microwave 
output. 

This  concludes  the  discussion  of  the  experimental 
apparatus.  The  experimental  results  are  presented  in 
chapter  five. 


CHAPTER  5 


THE  EXPERIMENTAL  RESULTS 

In  this  chapter,  we  will  discuss  and  analyse  the 
experimental  data.  We  have  detected  vacuum  Raman  radiation 
due  to  both  electron  cyclotron  and  electron  plasma  waves  and 
Cerenkov-Raman  radiation  due  to  electron  cyclotron  waves. 
In  the  first  section,  we  review  our  preliminary  data,  which 
verifies  tne  existence  of  tne  lower  branch  of  vacuum  Raman 
scattering  oy  means  of  an  in-guide  interferometer.  The  uat a 
of  the  ooservation  of  the  upper  brand)  of  tnis  interaction 
are  presented  in  the  following  section.  The  free  space 
interferometer  results  are  listed  in  the  thiro  section. 
With  this  interferometer,  we  measured  the  output  frecuency 
spectrum  as  a  function  of  the  electron  energy  and  the 
magnetic  field. 

Next,  the  problems  inherent  in  obtainq  Cer enkov-Raman 
radiation  are  discussed  in  the  fourth  section.  The  data  for 
the  lower  and  the  upper  tranches  of  this  interaction  are 
discussed  in  the  fifth  and  sixth  sections.  In  the  final 
section,  tne  scattered  microwave  turn-on  voltage  is  measureu 
as  a  function  of  tne  magnetic  fielo.  This  data  is 


consistent  with  the  Cer enkov-i<aman  theory. 

The  conclusions  of  uus  research  are  stated  ir.  chapter 
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six.  Interesting  experimental  observations  are  presented  in 
the  appendices. 

First,  we  will  briefly  discuss  the  diagnostics.  Our 
diagnostics  for  microwave  detection  and  electron  beam 
parameter  measurement  are  simple  and  accurate.  To  calculate 
the  microwave  frequency,  we  measured  either  a  free  space 
wavelength  or  a  waveguide  wavelength  with  an  interferometer 
located  outside  in  the  laooratory  room  or  inside  a 
rectangular  waveguide  detector  mount,  respectively.  We  have 
not  developed  the  technique  of  measuring  the  waveguide 
wavelength  inside  of  the  cylindrical  resonator  where  the 
microwaves  are  produced,  but  this  technique  would  have 
little  advantage  over  the  above  mentioned  interferometry. 
The  free  space  wavelength  measurement  is  accurate  to  +.1 
millimeters,  and  the  waveguide  wavelength  measurement  is 
accurate  to  +.003  inches. 

The  advantage  of  the  in-guide  interferometer  is  that  it 
is  easier  to  obtain  consistent  data  and  that  the  timing  of 
the  microwave  pulse  can  be  correlated  with  the  electron  beam 
voltage  and  current.  Its  disadvantage  is  that  it  does  not 
nave  good  ur iscr imination  at  frequencies  above  the 
recommended  waveband.  Higher  order  modes  can  result  and  it 
is  difficult  to  tell  which  modes  are  present. 

Since  the  dominate  microwave  output  was  within  the 
recommended  waveband,  this  interferometer  gave  consistent 
measurements.  For  the  vacuum  Faman  experiments  using  a  .495 


inch  diameter  waveguide,  the  mean  measured  freauency  was 
about  26  gigahertz.  The  range  of  frequencies  was  from  27.5 


gigahertz  to  26.6  gigahertz,  measured  ciuring  six  different 
runs  performed  curing  a  one  month  period.  These  frequencies 
correspond  to  the  TE^42  moae  cutoff. 

Similar  vacuum  Raman  experiments  were  oone  with  a  .373 
inch  diameter  waveguide.  For  two  runs,  the  frequency  range 
of  the  dominate  mode  was  from  37.0  to  37.2  gigahertz.  These 
frequencies  correspond  to  the  TEq^  mode  cutoff  also. 

The  advantage  of  the  free  space  interferometer  is  that 
it  measures  the  wavelength  of  plane  waves.  One  need  not 
worry  about  higher  order  mode  problems.  The  microwaves  Dass 
out  of  the  circular  waveguide,  with  or  without  a  horn,  and 
into  the  laboratory.  Between  each  pulse  of  the  Raman  maser, 
the  etalon  spacing  in  the  interferometer  changes.  The 
microwave  pulse  height  and  the  etalon  spacing,  via  a 
potentiometer  voltage,  is  recoraed  on  an  oscilloscope.  The 
maximum  microwave  signal  occurs  when  the  microwave  frequency 
is  the  resonance  frequency  of  the  etalon. 

The  main  disadvantage  of  this  technique  is  that  each 
inter ferogram  requires  one  hundred  shots.  The  Kaman  maser 
must  work  consistently  well  throughout  the  i nter ferogram.  If 
the  electron  beam  parameters  or  the  magnetic  field  should 
drift,  the  microwave  frequency  could  vary.  The  relative 
timing  between  the  microwave  output  and  the  voltage  and 
current  pulse  must  be  determined  separately  before  or  after 


•V-  ^  .V.V 


•  .N  A  . 


the  interferometer  scan.  Tnese  interferometer  measurements 
will  oe  presented  later  in  tnis  chapter. 

The  electron  beam  mode  frequency  ano  wavenumber  cannot 
be  measured  directly.  The  electron  cyclotron  frequency  can 
be  determined  by  measuring  the  magnitude  of  the  guiding 
magnetic  field.  The  electron  plasma  frequency  can  be 
calculated  knowing  the  electron  beam  current  and  velocity. 
The  fundamental  wavelength  of  the  magnetic  wiggler  is  the 
period  between  the  magnetic  disks.  The  magnitude  of  the 
magnetic  undulations  is  measured  by  a  magnetic  probe. 

The  electron  beam  velocity  can  be  calculated  from  the 
electron  ceam  accelerating  voltage.  This  voltage  is  that  at 
tne  output  of  of  the  pulse  transformer,  as  measured  by  a 
capacitive  voltage  divioer.  I  estimate  that  the  actual 
electron  beam  kinetic  energy  is  well  within  ten  percent  of 
tnat  recorded  by  tne  capacitive  voltage  divider. 

The  electron  beam  current  measured  by  the  Pearson 
Transformer  is  within  five  percent  of  the  actual  electron 
beam  current.  A  Faraday  cup,  which  is  an  electron  beam 
collector,  placed  downstream  behind  the  anode  recorded  the 
same  magnitude  of  electron  beam  current  as  did  the  Pearson 


transformer . 


5.  1  PRELIMINARY  RESULTS 


We  performed  three  separate  runs  with  a  seven  period, 
1.01  centimeter  wavelength  undulator.  its  magnetic  field 
profile  is  shown  in  figure  5. 1C.  A  0.495  inch  diameter 
circular  waveguide  was  used.  The  electron  beam  parameters 
ranged  from  75  to  117  kilovolts  at  5  to  12  amperes.  The  mean 
guiding  magnetic  field  within  the  undulator  was  5720  gauss. 
The  peak  to  peak  magnetic  ripple  was  25  percent  of  the 
guioing  magnetic  field.  Tne  measured  microwave  frequencies 
ranged  from  26.0  gigahertz  to  28.3  gigahertz.  These 
frequencies  compare  to  a  TEul  waveguide  cutoff  of  29.1 
gigahertz . 

Tne  observed  interaction  is  an  instability  between  tne 
fast  cyclotron  mode  of  the  electron  beam  and  the  negative 
phase  velocity  portion  of  the  waveguide  dispersion.  An 
appropriate  diagram  for  this  interaction  is  shown  in  figure 
5.2.  The  instability  is  strongest  for  frequencies  near  the 
waveguide  cutoff.  The  observed  interaction  is  the  lower 
branch  of  the  curve  shown  in  figure  5.3.  Except  for  the 
required  threshold  energy,  the  microwave  frequency  is  nearly 
independent  of  the  electron  energy.  This  happens  because 
the  electron  beam  dispersion  needs  a  large  slope,  which  is 
equal  to  the  velocity,  so  as  not  to  intersect  the  waveguide 
mode  near  tne  cutoff  frequency. 


MAGNETIC  FIELD  MAXIMUMS  AND  MINIMUMS  IS  3.63  GAUSS/AMPERE.  THE  MEAN  PEAK  TO  PEAK  UNDULATION 
IS  0.91  GAUSS/AMPERE,  RESULTING  IN  A  MEAN  MODULATION  OF  25  PERCENT. 


•  A 


FIGURE  5.1  B  THE  LONGITUDINAL  MAGNETIC  FIELD  PROFILE  OF  THE  SEVENTEEN  UNDULATION,  ONE  CENTI¬ 
METER  PERIOD  MAGNETIC  WIGGLER  AS  A  FUNCTION  OF  DISTANCE  ALONG  THE  MAGNET  COIL  AXIS.  THE  MEAN 
OF  THE  MAGNETIC  FIELD  MAXIMUMS  AND  MINIMUMS  IS  3.56  GAUSS/AMPERE .  THE  MEAN  PEAK  TO  PEAK  UNDU¬ 
LATION  IS  0.37  GAUSS/AMPERE,  RESULTING  IN  A  MEAN  MODULATION  OF  10  PERCENT. 


FIGURE  5.2  THE  DISPERSION  RELATIONS  OF  THE  ELECTRON  BEAM 
MODE,  THE  PUMP  WAVE,  AND  THE  WAVEGUIDE  MODE  FOR  THE  RAMAN 
INTERACTION. 


SOLUTION  IS  SHOWN. 
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Identical  vacuum  Raman  experiments  were  performed  with 
a  seventeen  period,  1.01  centimeter  wavelength  undulator.  As 
shown  in  figure  5.1E,  its  peak  to  peak  undulation  is  ten 
percent  of  the  guiding  magnetic  field.  The  output  microwave 
frequencies  ranged  from  2V. 5  gigahertz  to  28.3  gigahertz. 
The  microwave  frequencies  were  the  same  whether  the  guiding 
magnetic  fiela  was  parallel  or  antiparallel  to  the  electron 
beam  velocity. 


Additional 

experiments 

were 

conducted  with  the 

same 

unoulator 

,  but 

with 

a  .373 

inch 

aiameter  waveguide. 

The 

observed 

microwave 

frequencies 

tnen  ranged  from 

37 .0 

gigahertz 

to  37 

.2 

gigahertz 

over 

electron  kinetic  energies 

from  71  KeV  to  95  KeV.  The  electron  beam  currents  were  from 
six  to  seven  amperes.  Once  again,  the  microwave  frequencies 
are  comparable  to  the  TEq^  waveguide  cutoff  of  38.9 
gigahertz.  The  instability  is  due  to  fast  electron  cyclotron 
waves.  We  will  discuss  the  observation  of  higher 
frequencies  in  the  next  section 

5.2  HIGHER  FREQUENCY  BRANCHES  OF  THE  VACUUM  RAMAN 
INTERACTION 


With  tne  use  of  nigh  pass  frequency  filters,  we  have 
determined  the  existence  of  microwaves  with  frequencies  in 
excess  of  tne  waveguide  cutoff.  Tnese  frequencies  are  due 


to  an  electron  cyclotron  beam  mode  interacting  with  the 


third  harmonic  of  the  pump  wave.  The  Frequency  vs 
Accelerating  Voltage  graph  for  this  interaction  is  shown  in 
figure  5.4.  Since  the  data  points  represent  the  lowest 
possible  observed  frequencies,  the  fast  eie'  'on  cyclotron 
solution  is  adequate  for  tne  explanation  o  -he  aata.  The 
lower  brancn  of  tne  interaction  for  the  idamental  pump 
wavelength  is  at  a  lower  frequency  than  t  _c  of  the  data. 
The  data  points  at  49.3  gigahertz  are  probably  due  to  an 
interaction  of  the  fifth  harmonic  of  the  pump  wave. 


5.3  VACUUM  RAMAN  INTERFEROMETER  DATA 

There  have  been  several  sets  of  runs  with  a  free  space 
interferometer  as  the  microwave  diagnostic.  All  these  runs 
have  been  with  the  0.91  centimeter  wavelength,  nine  period 
magnetic  rippler,  whose  magnetic  field  profile  is  shown  in 
figure  J".1C.  The  accelerating  voltage  and  the  magnetic  field 
strength  were  tne  parameters  that  were  varied.  The  electron 
beam  current  also  varied. 

The  main  trends  in  the  data  to  follow  are  that  the 
strongest  interactions  are  between  a  fast  electron  cyclotron 
beam  mode  or  an  electron  plasma  mode  driving  a  scattered 
wave  near  the  cutoff  frequency  region  of  the  waveguide  mode. 

The  data  and  the  analysis  will  be  presented  in  tabular 


form,  we  were  not  always  able  to  hold  all  but  one  parameter 
constant  anti  aetermine  tne  microwave  frequency  as  a  function 
of  this  one  parameter. 

The  general  equation  for  the  frequency  at  synchronism 


10  r  0-  e/foV  _ 15-1 


where 


yr  - 1 


efio 


For  notational  simplicity,  I  will  define  +,  -  interactions 
as  those  frequencies  calculated  using  the  +,  -  sign  in 
(5.1) ,  respectively. 

The  tirst  interferometer  data  is  shown  in  figure  5.5. 
The  large  peaks  correspond  to  a  frequency  of  36  gigahertz, 
whereas  the  smaller  peaks  correspond  to  a  frequency  of  42 
gigahertz.  With  an  experimental  peak  accelerating  voltage  of 
73  kilovolts  and  a  peak  current  of  10  amperes,  table  5.1 
lists  the  possible  interactions  for  the  frequencies 
observed.  The  frequencies  listed  in  table  5.1  are  those 
calculated  from  the  synchronism  condition,  (5.1) 


VACUUM  RAMAN  SCATTERING 


ACCELERATING 

VOLTAGE 

ELECTRON  BEAM 
CURRENT 


50  KV/DIV. 


6  A/DIV. 


1  MICROSECOND/ DIV. 


INTERFEROMETER 


B  =  6360  GAUSS 


50  mV/ DIV. 

17. 5  mm 

16. 7  mm 
14.2  mm 

12. 7  mm 

10.6  mm 


FIGURE  5.5  INTERFEROMETER  DATA  OF  12/3/79,#4C,D. 
VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD,  0.9  CENTI¬ 
METER  WAVELENGTH  MAGNETIC  WIGGLER  AND  A  .495  INCH 
DIAMETER  CIRCULAR  WAVEGUIDE. 


TABLE  5.1  POSSIELE  INTERACTIONS  FOR  Til E  LATA  OF  1  2/ 3/ 79  ,  # 4C , D 


OBSERVED  FREQUENCIES:  36,  42  GIGAHERTZ 
73  KILOVOLTS,  10  AMPERES,  6360  GAUSS 


=  .303  CENTIMETERS,  -  INTERACTION 


p 

WAVEGUIDE 

FAST 

CYCLOTRON 

FAST 

PLASMA 

SLOW 

PLASMA 

MODE 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

TE11 

43.5 

33.6 

33.0 

™01 

44.0 

34.3 

33.7 

TE° 

44.9 

35.4 

34.8 

TM11 

OR  TEni 

46.1 

37.2 

36.6 

te31 

46.8 

38.2 

37.6 

™21 

49.1 

41.6 

41.2 

The  microwave  production  is  due  to  the  interaction  of 
several  waveguide  mooes.  Tne  plasma  frequency  is  less  tnen 
one  giganertz,  ano  the  separation  oetween  tne  fast  anc  slow 
plasma  mooe  frequencies  is  smaller  tnai;  tne  experimental 
error.  Fom  table  5.1,  we  know  that  plasma  waves  are  present. 
Since  the  cyclotron  frequency  is  about  15  gigahertz,  the 
separation  between  the  fast  and  slow  cyclotron  mode 
frequencies  is  large  enough  so  that  we  can  experimentally 
distinguish  *•  two  modes.  From  table  5.1,  we  see  that  a 
fast  cyclo  is  present. 

Three  s  -  ent  runs  are  shown  in  figures  5.6,  5.7, 
and  5.8,  and  the  prominant  X/7  1 s  are  4.3  mm,  4.6  +  mm,  and 
4.3  mm,  respectively;  corresponding  to  frequencies  of  35, 
32,  ana  35  gigahertz,  respectively.  The  peak  accelerating 
voltages  and  currents  were  held  nearly  constant  tnroughout 


VACUUM  RAMAN  SCATTERING 


ACCELERATING 

VOLTAGE 

ELECTRON  BEAM 
CURRENT 


50  KV/DI V. 
6  A/DI V. 


1  MICROSECOND/DIV. 


INTERFEROMETER 


MICROWAVES 


0 

4.3 

6.8 


mm 


5  mV/DI V. 


12.4  mm 
8.6  mm 


twiti 


B  =  6970  GAUSS 


FIGURE  5.6  INTERFEROMETER  DATA  OF  12/3/79,#5A,B. 
VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD,  0.9  CENTI¬ 
METER  WAVELENGTH  MAGNETIC  WIGGLER  AND  A  .495  INCH 
DIAMETER  CIRCULAR  WAVEGUIDE. 


VACUUM  RAMAN  SCATTERING 


INTERFEROMETER 


B  =  6830  GAUSS 

FIGURE  5.7  INTERFEROMETER  DATA  OF  12/3/79,#5C. 
VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD,  0.9  CENTI¬ 
METER  WAVELENGTH  MAGNETIC  WIGGLER  AND  A  .495  INCH 
DIAMETER  CIRCULAR  WAVEGUIDE. 


1U1 


VACUUM  RAMAN  SCATTERING 


ACCELERATING 

VOLTAGE 

ELECTRON  BEAM 
CURRENT 


1  MICROSECOND/DIV. 


INTERFEROMETER 


B  -  6680  GAUSS 


FIGURE  5.8  INTERFEROMETER  DATA  OF  12/3/79,#5D,E. 
VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD,  0.9  CENTI¬ 
METER  WAVELENGTH  MAGNETIC  WIGGLER  AND  A  .495  INCH 
DIAMETER  CIRCULAR  WAVEGUIDE. 
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these  three  runs.  Only  the  magnetic  field  was  varied,  it 
should  be  noted  from  the  bumps  on  the  current  trace,  in 
figure  5.8,  that  microwaves  were  emitted  at  two  different 
times.  Both  occurances  will  be  analysed.  Tables  5.2,  5.3, 
and  5.4  list  the  interactions. 

TABLE  5.2  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  1 2/3/7 5 , #5A , 3 . 
OBSERVED  FREQUENCY:  35  GIGAHERTZ 
bO  KILOVOLTS,  4  AMPERES,  6970  GAUSS 
=  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST- 

PLASMA 

SLOW 

PLASMA 

MODE 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

TE11 
™0 1 
™21 

34.3 

33.9 

35.0 

34.6 

36.1 

35.7 

™11 

OR  TEni 

37.8 

37.5 

te3i 

38.8 

38.5 

Once  again,  it  appears  that  there  is  either  a  fast  or  a 
slow  plasma  mode  is  coupling  to  the  Raman  interaction.  This 
time  the  fast  cyclotron  mode  would  occur  at  approximately  45 
gigahertz,  but  it  was  not  observed. 


TABLE  5.3  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  12/3/79, #5C. 

OBSERVED  FREQUENCY:  32  GIGAHERTZ 

81  KILOVOLTS,  4  AMPERES,  6830  GAUSS 

«  .303  CENTIMETERS,  -  INTERACTION 

WAVEGUIDE  FAST  PLASMA  SLOW  PLASMA  GLOW  CYCLOTRON 

MODE  WAVE  (GHZ)  WAVE  (GHZ)  WAVE  (GHZ) 


31.9 

^jp  *  .91  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST 

CYCLOTRON 

MODE 

WAVE 

(GHZ) 

TM,n  OR  TE01 

29.8 

te3i 

31.9 

The  plasma  wave  interaction  may  still  be  present.  Now, 
fast  and  slow  cyclotron  waves  result  in  frequencies 
consistent  with  the  data. 
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TABLE  b.4  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  12/3/79 ,  #5D ,E . 
OBSERVED  FREQUENCY:  35  GIGAHERTZ 
81  KILOVOLTS, 4  AMPERES,  6680  GAUSS 
»  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

MODE 


TE 

TM 

TE 


11 

01 

21 


™4e 

te3i 


01 


FAST  PLASMA 
WAVE  (GHZ) 

34.4 

35.1 

36.2 

37.9 

38.9 


SLOW  PLASMA 
WAVE  (GHZ) 

34.0 

34.7 

35.8 

37.6 

38.6 


SLOW  CYCLOTRON 
WAVE  (GHZ) 


32.0 


*  .91  CENTIMETERS,  -  INTERACTION 


£ 

WAVEGUIDE 

FAST 

CYCLOTRON 

• 

MODE 

WAVE 

(GHZ) 

/%* 

V-'. 

te3i 

31.9 

-  .N 

v  * 

73  KILOVOLTS 

,  4  AMPERES,  6680  GAUSS 

n 

£•: 
1*  / 

h  ■  •3U3 

CENTIMETERS,  -  INTERACTION 

’  v 

WAVEGUIDE 

FAST 

PLASMA  SLOW  PLASMA 

* .  • 

MODE 

WAVE 

(GHZ)  WAVE  (GHZ) 

Vi 


TE 

TM 

TE-' 


11 

01 


TM21 

obHe 


TE 


I 


01 


31 


33.5 
34.2 
3b. 3 

37.1 

38.1 


33.1 
3  3.6 
34.9 

36.7 

37.7 


.91  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

MODE 


TE 


31 


FAST  CYCLOTRON 
WAVE  (GHZ) 

31.8 


*1 


J 


As  throughout  the  previous  data  of  12/3/79,  it  appears 
that  plasma  waves  are  responsible  for  the  bulk  of  the 
microwaves  observed.  From  figure  5.5,  there  is  definite 
evidence  of  fast  cyclotron  waves  contributing  radiation  in 
the  45  gigahertz  frequency  range. 

On  12/19/79,  we  continued  the  vacuum  Raman  experiments 
as  a  confirmation  of  our  earlier  work  in  12/3/79.  Although 
the  interf erograms  of  figures  5.9,  5.10,  and  5.11  appear  to 
be  more  complex,  they  are  no  more  difficult  to  analyse  than 
the  previous  inter ferograms . 

From  figure  5.9,  tne  two  dominate  /1/2's  are  4.9  mm  and 
3.15  mm,  corresponding  to  31  and  48  gigahertz,  respectively. 
From  figure  5.10,  the  single  dominate  /\/2  is  5.3  mm, 
cor  responding  to  28  gigahertz.  The  inter ferogram  of  figure 
5.11  gives  the  most  complicated  spectrum.  The  frequencies 
that  appear  are  21,  26,  28,  and  42  gigahertz.  26  and  28 
gigahertz  are  close  together,  yet  each  is  distinguishable  on 
the  interf erogram  <  /4 /2  *  5.7  and  5.4  mm,  respectively).  42 
gigahertz  could  be  a  harmonic  of  21  gigahertz  and  not  an 
independent  frequency.  But  we  will  not  exclude  either 
frequency  .  Tables  5.5,  5.6,  and  5.7  list  the  possible 
interactions  for  the  data  of  figures  5.9,  5.10,  and  5.11, 
respectively. 


VACUUM  RAMAN  SCATTERING 
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BEAM 
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WR-28 

MICROWAVES 


20  KV/DIV. 


6  A/DIV. 


115  mV/DIV. 


1  MICROSECOND/DIV. 


INTERFEROMETER 
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B  -  6150  GAUSS 


115  mV/DIV. 


FIGURE  5.9  INTERFEROMETER  DATA  OF  12/19/79, 
#7,8  AND  RUN  4.  VACUUM  RAMAN  SCATTERING  IN  A 
9  PERIOD,  0.9  CENTIMETER  WAVELENGTH  MAGNETIC 
WIGGLER  AND  A  .495  INCH  DIAMETER  CIRCULAR 
WAVEGUIDE. 


VACUUM  RAMAN  SCATTERING 


ACCELERATING 

VOLTAGE 

ELECTRON 

BEAM 

CURRENT 


WR-28 

MICROWAVES 


50  KV/DIV. 


6  A/DIV. 


115  mV/DI V. 
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115  mV/DIV. 
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FIGURE  5.10  INTERFEROMETER  DATA  OF  12/19/79, 
#15,17,  AND  RUN  9.  VACUUM  RAMAN  SCATTERING  IN 
A  9  PERIOD,  0.9  CENTIMETER  WAVELENGTH  MAGNETIC 
WIGGLER  AND  A  .495  INCH  DIAMETER  CIRCULAR 
WAVEGUIDE. 


VACUUM  RAMAN  SCATTERING 
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BEAM 
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20  KV/DIV 


6  A/DIV. 
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FIGURE  5.11  INTERFEROMETER  DATA  OF  12/19/79, 
#21  AND  RUN  11.  VACUUM  RAMAN  SCATTERING  IN  A 
9  PERIOD,  0.9  CENTIMETER  WAVELENGTH  MAGNETIC 
WIGGLER  AND  A  .495  INCH  DIAMETER  CIRCULAR 
WAVEGUIDE. 
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TABLE  5.5  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  12/19/79,  RUN  4. 

79  KILOVOLTS,  14  AMPERES,  6150  GAUSS 

OBSERVED  FREQUENCIES:  31,  48  GIGAHERTZ 

=  .91  CENTIMETERS,  -  INTERACTION 

TE.,  WAVEGUIDE  MODE  SLOW  PLASMA  WAVE  28.1  GHZ 

TEqj  WAVEGUIDE  MODE  FAST  CYCLOTRON  WAVE  29.4  GHZ 


y|p  =  .303  CENTIMETERS,  -  INTERACTION 

WAVEGUIDE  FAST  CYCLOTRON  FAST  PLASMA  SLOW  PLASMA  SLOW  CYCLOTRON 
MODE  WAVE  (GHZ)  WAVE  (GHZ)  WAVE  (GHZ)  WAVE  (GHZ) 

TEji  43.7  34.3  33.6 
THyi  44.2  35.0  34.3 
T£21  45.0  36.1  35.5 

OR1(k01  46.3  30.3 
TE31  47.0  32.2 
TM21  49.3 


This  time,  it  appears  that  the  data  is  due  to  fast  and  slow 
cyclotron  beam  modes  interacting  with  TEQ1  and  nearby 
waveguide  modes  with  an  effective  p  =  .303  centimeters. 

For  the  data  of  figure  5.10,  we  will  consider  both  the 


turn-on  accelerating  voltage  for  microwave  production  of  69 
kilovolts  and  the  peak  voltage  of  79  kilovolts. 


no 


TABLE  5.6  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  12/19/70, 
69  KILOVOLTS,  13  AMPERES,  6520  GAUSS 


OBSERVED  FREQUENCY:  28  GIGAHERTZ 


■  .91  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

MODE 


FAST  CYCLOTRON 
WAVE  (GHZ) 


TE 

TM 

TE 

TM 

TE 


11 

01 

21 

11 

31 


OR  TE 


Ul 


23.0 

24.1 

26.0 

29.5 

NO  INTERACTION 


y\p  =  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST 

CYCLOTRON 

MODE 

WAVE 

(GHZ) 

te2i 

25.6 

TM1;l  OR  TE01 

29.3 

TE31 

31.9 

I 


I 


I 


RUN  9. 


79  KILOVOLTS,  13  AMPERES,  6520  GAUSS 


=  .91  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

MODE 


FAST  CYCLOTRON 
WAVE  (GHZ) 


TE 

TM 

TE 

TM 

TE 

TM 


11 

Ui 

21 

11 

31 

21 


Or  TEq1 


23.1 
24.3 

26.2 

29.6 

31.6 

NO  INTERACTION 


p  *  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

MODE 


SLOW  CYCLOTRON 
WAVE  (GHZ) 


TE 

TM 

TE 

TM 

TE 

TM 


11 

01 

21 

11 

31 

21 


OR  TE 


01 


23.9 
25.1 

26.9 
30.0 
32.0 

NO  INTERACTION 


Both  the  last  cyclotron  waves  and  the  slow  cyclotron  waves 
■give  the  correct  range  of  frequencies.  But  the  fast 
cyclotron  mooes  occur  with  the  fundamental  pump  wavelength 
ana,  therefore,  shoulu  aominate. 

For  the  data  of  run  11,  as  shown  in  figure  5.11,  we 
must  allow  for  a  broad  spectrum  of  frequencies,  ranging  from 
21  to  42  gigahertz. 
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TABLE  b .  7  POSSIBLE  INTERACTIONS  FOR  THc.  LATA  OF  12/19/ /y,  RUN  11. 

76  KILOVOLTS ,  13  AMPERES,  5970  GAUSS 

OBSERVED  FREQUENCIES:  21,26,28,42  GIGAHERTZ 

■  .91  CENTIMETERS,  -  INTERACTION 

WAVEGUIDE  FAST  CYCLOTRON 

MODE  WAVE  (GHZ) 


TE 

TM 

TE 

TM 

TE 


11 

01 

21 

11 

31 


OR  TEq1 


22.2 

23.5 

25.5 
29.3 

NO  INTERACTION 


^jp  =  .91  CENTIMETERS,  +  INTERACTION 
TE1X  WAVEGUIDE  MODE,  SLOW  PLASMA  WAVE  27.1  GHZ 


p  =  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

fast 

CYCLOTRON 

SLOW 

CYCLOTRON 

MODE 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

TEu 

43.1 

24.3 

Trtoi 

43.7 

25.4 

TE21 

44.5 

30.2 

TM0i  OR  TE01 

4b. fa 

30.2 

te3i 

46.5 

32.1 

These  results  are  a  little  more  difficult  to  compare  with 
the  theory.  The  strongest  interaction  was  at  28  gigahertz, 
corresponding  to  /I  p  =  0.91  centimeters,  a  TEqj  waveguide 
mode,  and  a  fast  electron  cyclotron  wave.  The  remaining 
frequencies  were  at  lower  power  and  correspond  to  fast 
cyclotron  waves  and  a  slow  plasma  wave  at  the  fundamental 
pump  wavelength.  Fast  and  slow  cyclotron  waves  could  also 
exist  with  /^p  =  .303  centimeters,  but  are  less  likely  than 


the  oeam  modes  described  above. 


Throughout  the  runs  of  12/19/79,  the  observed 
frequencies  are  predominately  due  to  fast  cyclotron  waves 
interacting  with  the  microwave  fields  via  the  0.91 
centimeter  pump.  During  the  12/3/79  runs,  the  observed 
frequencies  were  primarily  due  to  plasma  waves  coupling  to 
the  microwave  fields  via  the  third  harmonic  of  the  0.91 
centimeter  pump.  The  two  experiments  were  similarly 
conducted.  The  accelerating  voltages  were  similar  in 
magnitude.  The  12/19/79  runs  had  about  twice  the  electron 
oeaw  current  as  the  12/3/79  runs.  The  anomalous  current 
rises  were  more  pronounced  on  12/19/7 9,  indicating  a 
stronger  coupling.  Between  the  experiments,  the  electron 
gun  was  cleaned  and  realigned.  Thus,  the  two  experiments 
could  have  had  different  beam  qualities. 

As  another  comparison  with  theory,  we  did  a  vacuum 
Raman  scattering  experiment  within  a  waveguide  of  a 
different  diameter.  We  chose  to  use  the  inside  of  the 
undulator  as  the  effective  waveguide  since  it  is  the  largest 
diameter  waveguide  possible  for  this  undulator.  The  inside 
diameter  of  the  0.91  centimeter  wavelength  undulator  was 
0.625  inches. 

with  a  larger  waveguide,  the  Raman  interaction  should 
occur  at  lower  frequencies  with  a  lower  electron  beam 
velocity.  The  inside  wall  of  the  magnetic  wiggler  is  not  as 
smooth  as  a  normal  waveguide  since  the  disks  are  not 


VACUUM  RAMAN  SCATTERING 


20  KV/DIV. 


6  A/DIV. 


INTERFEROMETER 


MICROWAVES 


:  /V 

« 

1 

0  ram 

i 

13.5  mm 

5. 8  mm 


6  mV/DIV. 


B  -  3850  GAUSS 

FIGURE  5.12  INTERFEROMETER  DATA  OF  1/22/80, 
#2B, C.  VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD, 
0.9  CENTIMETER  WAVELENTH  MAGNETIC  WIGGLER  AND 
A  .625  INCH  DIAMETER  CIRCULAR  WAVEGUIDE. 


VACUUM  RAMAN  SCATTERING 


ACCELERATING 

VOLTAGE 

ELECTRON  BEAM 
CURRENT 


20  KV/DIV. 


6  A/DIV. 


1  MICROSECOND/DIV. 


INTERFEROMETER 


10  mV/DIV. 


19 . 3  mm 
12. 5  mm 


B  -  5000  GAUSS 

FIGURE  5.13  INTERFEROMETER  DATA  OF  1/22/80 , #9B, C 
VACUUM  RAMAN  SCATTERING  IN  A  9  PERIOD,  0.9  CENTI¬ 
METER  WAVELENGTH  MAGNETIC  WIGGLER  AND  A  .625  INCH 
DIAMETER  CIRCULAR  WAVEGUIDE. 
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TABLE  5.8  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  1 /22/80  ,  # 2B , C . 
47  KILOVOLTS,  9  AMPERES,  3850  GAUSS 


OBSERVED  FREQUENCIES:  11,  19,  AND  26  GIGAHERTZ 


K 


.91  CENTIMETERS, 


INTERACTION 


aAVEGUIDE 

MODE 


fast  plasma  slow  plasma 

WAVE  (GHZ)  'WAVE  (GHZ) 


SLOW  CYCLOTRON 
WAVE  (GHZ) 


TE 

TM 

TE 

TM 

TE 


11 

01 

21 

11 

31 


OR 


17.6  12.0  11.5 

18.5  14.7  NO  INTERACTION 

19.9  NO  INTERACTION 

23.0 

NO  INTERACTION 


=  .91  CENTIMETERS,  +  INTERACTION 
TEU  WAVEGUIDE  MODE,  SLOW  PLASMA  WAVE  18.8  GHZ 


*  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST 

PLASMA 

SLOW 

PLASMA 

SLOW 

CYCLOTRON 

MODE 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

WAVE 

(GHZ) 

TE11 

29.4 

28.6 

22.2 

™01 

29.8 

29.1 

22.8 

te2i 

30.5 

29.7 

23.8 

TM,.  OR  TE01 

31.6 

30.9 

25.5 

TE31 

32.2 

31.6 

26.5 

™21 

34.3 

33.8 

31.2 

From  table  5.8,  tne  fundamental,  0.91  centimeter,  pump 
wavelengtn  interactions  are  sufficient  to  explain  the 
ooserveo  frequencies.  Both  slow  cyclotron  waves  ana  plasma 
waves  are  present.  if  slow  plasma  waves  were  present,  one 
would  also  expect  15  gigahertz  microwaves,  which  were  not 
observed. 
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TABLE  5.V  POSSIBLE  INTERACTIONS  FOR  THE  DATA  OF  1/22/80  ,  #9(3  ,C  . 
3U  KILOVOLTS ,  5  AMPERES,  SuOO  GAUSS 
OBSERVED  FREQUENCIES:  23  GIGAHERTZ 
/|p  =  .91  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST 

CYCLOTRON 

MODE 

WAVE 

(GHZ) 

TE21 

20.8 

™11  0R  TE01 

23.2 

TE31 

NO  INTERACTION 

/|p  =  .303  CENTIMETERS,  -  INTERACTION 


WAVEGUIDE 

FAST  PLASMA 

SLOW  PLASMA 

MODE 

WAVE  (GHZ) 

WAVE  (GHZ) 

TEn 

25.4 

24.7 

™01 

25.9 

25.2 

TE21 

26.6 

26.0 

™11  °R  TEyl 

27. 8 

27.2 

/|p  *  •  3U3  CENTIMETERS,  +  INTERACTION 


WAVEGUIDE 

SLOW  CYCLOTRON 

MODE 

WAVE  (GUZ) 

TEn 

27.6 

™ui 

26.6 

1E21 

24.7 

™11  0R  TE01 

NO  INTERACTION 

The  intecaction  is  due  to  a  fast  cyclotron  wave 
coupling  to  the  waveguide  modes  via  the  0.91  centimeter 
pump.  For  the  TE^  mode  and  above,  the  electron  velocity  is 
too  slow  for  synchronism. 


From  the  data  of  1/22/80,  we  can  conclude  that  the 
observed  frequencies  are  due  to  the  fundamental,  0.91 


centimeter  pump  wavelengtn  and  a  fast  electron  cyclotron 
wave.  From  the  analysis  of  this  section,  we  can  conclude 
that  both  fast  and  slow  electron  cyclotron  waves  will  drive 
the  Raman  backscatter ing  interaction,  if  kinematically 
possible.  It  has  been  shown  that  electron  plasma  waves  can 
drive  the  Raman  instability  also. 

5.4  THE  PROBLEMS  INHERENT  IN  OBTAINING  CERENKOV- RAM AN 
RADIATION 

The  same  experimental  techniques  are  used  for  the 
proauction  of  Cerenkov-Kaman  radiation  as  for  vacuum  Raman 
radiation.  The  only  uifference  is  that  a  dielectric  liner  is 
placed  inside  the  waveguide.  The  problems  arise  because  the 
dielectric  liner  reduces  the  waveguide  cutoff  frequency  and 
the  phase  velocity  of  the  waveguide  modes.  In  order  to  avoid 
gyrotron-1 ike  or  Cerenkov-like  interactions,  we  must  keep 
the  electron  cyclotron  frequency  less  than  the  waveguide 
cutoff  and  the  electron  velocity  slow  enough  so  as  not  to 
intersect  the  unshifted  waveguide  dispersion,  as  shown  in 
figure  5.14. 

We  know  that  reducing  the  guiding  magnetic  field 
decreases  both  the  electron  cyclotron  frequency  and  the  pump 
field.  Bp.  By  lowering  the  electron  velocity,  we  reduce  the 
magnituae  of  the  source  of  energy  to  drive  the  Raman 


instability.  Referring  to  the  parametric  eauations,  (3.1) 
and  (3.2),  we  snould  expect  a  lower  gain  for  the  scattered 
microwave  field,  and  it  is  reasonable  to  expect  the 
Cer enkov-lvairan  interaction  to  oe  more  difficult  to  observe 
tnan  tne  vacuum  Raman  interaction. 

b.b  THE  OBSERVATION  OF  CErLNKGV-KAMAN  RADIATION 

The  first  uata  of  Cer enkov-Raman  radiation  to  be 
presented  is  shown  in  figures  5.1b  and  5.16.  We  used  a  seven 
period,  1.01  centimeter  wavelength  unaulator.  The  0.495  inch 
waveguide  was  lined  with  a  0.25  inch  X  0.495  inch  annular 
tube  of  polyproplyene  inside  the  magnetic  wiqqler  region. 
The  dielectric  constant  of  polyproplyene  is  2.25. 

The  data  presented  are  for  two  differnt  guiding 
magnetic  fielo  strengtns.  As  shown  in  figures  5.15  and  5.16, 
the  fast  electron  cyclotron  wave  instability  is  sufficient 
to  explain  tne  data.  Since  the  ooservations  were  made  with  a 
rth-2cs  detector,  tne  lowest  lreauency  that  could  be  observed 
was  the  « k-2o  cutoff  frequency  of  21.1  giganertz. 

The  observed  microwaves  occurred  at  voltages  much  lower 
than  that  required  for  Cer enkov-cyclotr on  radiation. 
Straight  Cerenkov  radiation  requires  still  higher 
accelerating  voltages.  The  guiding  magnetic  field  strength 
is  too  low  for  a  gyrotron-1 ike  interaction. 
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SOLUTION  IS  SHOWN.  THE  HIGH  PASS  FREQUENCY  FILTER  DATA  IS  FROM  3/19/79. 
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SOLUTION  IS  SHOWN.  THE  HIGH  PASS  FREQUENCY  FILTER  DATA  IS  FROM  3/19/79. 


In  figure  5.1/,  free  space  interferometer  data  is 
presented  to  verify  that  the  Cer enkov-iNaman  interaction  ooes 
scale  with  tne  waveguide  diameter  ana  the  dielectric  filler. 
The  effective  waveguide  diameter  is  .[>77  inches,  ana  the 
filler  is  quartz.  Tne  data  is  consistent  witn  the  fast 
electron  cyclotron  rnooe. 

5.6  THE  OBSERVATION  OF  THE  UPPER  BRANCHES  OF  THE  CEREMKOV- 
RAMAN  BACKSCATTERING  INTERACTION 

For  these  observations,  we  used  high  pass  frequency 
filters.  The  data  points  are  plotted  at  the  cutoff 
frequency  of  the  filters.  The  data  is  plotted  in  figures 
5.18  and  5.19. 

In  figure  5.1b,  trie  data  is  for  a  polypr oplyene  liner 
with  an  insiae  diameter  of  5/16  inches  ana  an  outside 
diameter  of  0.495  inenes.  A  u.495  inch  diameter  waveguide 
was  used.  Tne  data  agrees  well  for  Cer enkov-Raman  scattering 
due  to  a  slow  cyclotron  wave  ana  the  third  harmonic  of  the 
pump  wave,  kp  =  3(2^/1.01)  cm."1. 

At  a  later  date,  we  observed  the  data  plotted  in 
figures  5.19A  and  5.19B.  The  high  frequency  data  and  the 
low  frequency  data  were  taken  with  different  guiding 
magnetic  field  strengths.  In  figure  5.19A,  the  data  is 
consistent  with  a  fast  electron  cyclotron  wave  and  a  pump 
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RAMAN  INTERACTION.  THE  FAST  ELECTRON  CYCLOTRON  BEAM  MODE  AND  THE  TMm  WAVEGUIDE 
MODE  SOLUTION  IS  SHOWN.  THE  HIGH  PASS  FREQUENCY  FILTER  DATA  IS  FROM  5/5/79. 


wavelength  ol  1.01  centimeters.  A  TMg^  waveguide  mooe  is 
assumed  here  tor  comparison.  Some  of  this  data  would  fit 
the  waveguide  dispersion  better.  The  data  point  at 
(60GHz,  40  KV)  is  due  to  a  microwave  pulse  during  the  second 
half  of  the  accelerating  voltage  pulse.  These  late  microwave 
pulses  correspond  to  lower  order  modes,  such  as  the  TE^ 
mode . 

The  data  in  figure  5.19B  are  for  the  lower  branch  of 
the  interaction.  Here  too,  hiqh  pass  frequency  filters  were 
used.  We  see  that  both  branches  of  the  Cer enkov-Paman 
interaction  are  present  simultaneously. 


b . 7  CONFIRMATION  OF  CERENKOV -RAMAN  RADIATION  BY  AN 

ACCELERATING  VOLTAGE  TURN-ON  TECHNIQUE 


For  this  experiment,  we  used  a  1.01  centimeter 
wavelength,  18.5  period  split  ring  undulator.  It  consisted 
of  sets  of  rings  which  were  one-half  aluminum  and  one-half 
iron.  The  rings  were  stacked  such  that  the  iron  and  aluminum 
one-half  rings  were  alternating.  A  0.25  inch  inside  diameter 
and  a  0.490  inch  outside  diameter  ouartz  filler  was  used. 
The  effective  diameter  of  the  waveguide  was  0.490  inches. 

The  motivation  for  this  experiment  is  illustrated  by 
figure  5.20.  we  see  that  no  interaction  is  possible  until 
tne  electron  velocity  is  fast  enough  to  intersect  the 


waveguide  dispersion,  hence  the  interaction  will  turn  on 
approximately  at  the  waveguide  cutoff. 

The  data  for  this  experiment  are  shown  in  figure  5.21. 
A  slow  electron  cyclotron  mode  and  a  kD  =  3(2y/1.01)  cm.“* 
is  assumed.  The  interaction  curves  are  for  the  TE-^  and  the 
TEq1  waveguide  modes.  The  TE-q  cutoff  frequency  is 
estimated  to  be  9.5  gigahertz.  The  TEq^  cutoff  frequency  is 
calculated  to  be  17.4  gigahertz.  The  data  shows  the 
predicted  trend.  A  WR-90  detector  was  usea  because  its 


cutoff 

frequency  is 

less 

than  either  the  TE01 

or 

the  TEn 

waveguide  modes. 

We 

performed  a 

null 

experiment  without 

the 

magnetic 

wiggler . 

This  data 

shows 

the  correct  trend 

for 

either  a 

backward  wave  oscillator  or  a  Cerenkov-gyrotron .  Therefore, 
the  microwaves  previously  observed  were  due  to  the  Cerenkov- 


Raman  interaction 


STRENGTH.  THE  THEORETICAL  CALCULATIONS  ARE  FOR  A  SLOW  ELECTRON  CYCLOTRON  BEAM  MODE 
THE  HIGH  PASS  FREQUENCY  FILTER  DATA  IS  FROM  10/17/79. 


CHAPTER  6 


CONCLUSIONS 

This  thesis  documents  several  advances  in  both 
theoretical  and  experimental  physics.  The  first 

accompl isnment  is  the  theory  of  chapter  three.  This  is  the 
first  time  either  Raman  or  Cer enkov-Raman  Backscatter ing  has 
oeen  analysed  with  the  experimental  constraints  due  to  the 
magnetic  wiggler  ana  tne  cylindrical  waveguide.  The 

prediction,  in  section  3.12,  of  strong  microwave  coupling 
near  the  waveguide  cutoff  has  been  experimentally  observed. 

The  second  advance  is  the  observation  of  vacuum  Raman 
scattering  due  to  the  third  wavelength  harmonic  of  the  pump 
wave.  This  technique  may  prove  valuable  for  the  production 
of  high  frequency  radiation.  We  have  also  shown  that 
substantial  microwave  production  is  possible  with  electron 
beam  currents  on  the  order  of  tens  of  amperes.  We  estimate 
the  microwave  production  to  be  of  the  order  of  hundreds  of 
watts  to  one  kilowatt  for  frequencies  near  tne  waveguid 
cutoff  and  watts  to  tens  of  watts  for  frequencies  above  the 
waveguide  cutoff. 

The  tniro  and  most  significant  contribution  of  this 
thesis  is  tne  first  observation  of  Cer enkov-Raman  radiation. 
Two  different  techniques  for  the  verification  of  the 
observations  are  documented  in  chapter  five.  The  microwave 
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power  is  estimated  to  be  from  one  to  ten  watts  for  electron 
beam  energies  of  5U  KeV  and  for  electron  beam  currents  of  a 
few  tens  of  amperes.  Cer enkov-Raman  back  scatter ing  has  the 
potential  for  becoming  a  practical  source  for  the  generation 
of  high  frequency  microwave  radiation. 


APPENDIX  1  MAGNETIC  FIELD  SHAPING 


An  interesting  pnenomenon  is  that  the  magnetic  field 
shape  in  the  electron  gun  region  distinctly  affects  Lne 
coupling  between  the  electron  oeam  anu  tne  microwaves. 
Figures  Al  and  A2  give  the  magnetic  field  profiles  with  the 
corresponding  microwave  output.  A  seventeen  undulation,  1.01 
centimeter  period  magnetic  wiggler  was  present.  An  iron 
liner  was  placed  inside  the  cathode  tube  to  effectively  help 
straighten  out  the  magnetic  field  lines  in  the  electron  gun 
area.  The  iron  liner  did  raise  the  magnetic  field  at  the 
cathode  face  by  ten  percent  above  that  which  would  be 
present  without  the  iron  liner. 

Before  the  iron  was  added,  an  anomalous  current  rise  of 
zero  to  ten  percent  was  observed  during  the  microwave  pulse, 
whereas,  with  the  iron,  a  thirty  to  fifty  percent  rise  in 
the  current  was  observed.  Typical  neutral  gas  background 
pressures  were  2X10"^  Torr.  Microwave  powers  were  less  than 
one  kilowatt  per  square  centimeter  inside  the  waveguide. 
Under  these  conditions,  back  ion  bombardment,  leading  to  an 
observed  current  rise  would  not  be  probable4^. 

The  anomalous  current  rise  was  present  only  when  the 
microwaves  were  being  produced.  When  the  operating 
conditions  were  changed  such  that  the  microwaves  were  no 
longer  present,  no  anomolous  current  was  observed.  £ 
conclusion  that  can  be  made  is  that  the  positioning  of  the 
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cathode-anode  gap  in  a  straight  magnetic  field  affects  the 
electron  beam  quality 


The  following  simple  mathematical  derivation  shows  that 
electron  beam  acceleration  in  a  magnetic  field  with  a 
transverse  component  leads  to  a  warming  ot  the  electron 
beam.  Since  the  Raman  interaction  is  a  collective 
instability,  a  colder  electron  beam  would  lead  to  a  stronaer 
interaction . 

Consider  an  electron  gun  accelerating  gap  with  Er,  Ez, 
Br,  an  Bz  fields  present.  A  similar  problem,  to  follow 
later,  has  been  considered  by  Lashinsky44.  Ez  is  the 
accelerating  electric  field  and  Er  is  a  consequence  of 
imperfect  electron  gun  design.  E  is  not  present  since  since 
the  accelerating  gap  is  cylinar ically  symmetric.  Ez,  which 
has  a  magnitude  of  Bq,  is  the  guiding  magnetic  field. 
Diverging  magnetic  field  lines  imply  a  Br  field,  and  B  is 
disregarded.  I  will  also  disregard  relativistc  effects  since 
it  adds  no  additional  insight,  but  it  does  complicate  the 
issue.  The  equations  of  motion  in  the  accelerating  gap  are: 


4-& j 


A  reasonable  estimate  is  that  the  magnitudes  of  the  radial 
field  quantities  are  of  the  order  of  ten  percent  of  the 
longitudinal  field  quantities.  These  equations  are  simple 
enough  so  that  we  do  not  need  to  use  Fourier  transforms. 
Solving  for  the  radial  term,  we  find; 

( & # */2  V*  (±) 

It  is  easily  seen,  although  not  easily  calculated,  that  tne 
(Br/B(j)  term  can  lead  to  a  significant  increase  in  vf. 
Physically,  the  electrons  are  accelerating  up  a  magnetic 
mirror,  which  directs  longitudinal  energy  into  transverse 
energy,  warming  the  electron  beam45.  Experimentally,  when  Br 
is  made  small  in  the  accelerating  gap,  the  microwaves  couple 
to  the  electron  beam  strongly.  Thus,  the  beam  quality  is  an 
important  factor. 


APPENDIX  2  ELECTRON  REAM  SCALLOPS 


It  has  been  observed  that  there  exists  a  ripple  in  the 
electron  beam  current,  even  when  no  microwave  coupling 
mechanisms  exist.  Figure  A3  gives  a  typical  example.  This 
perturbation  is  in  the  ten  megahertz  frequency  range, 
superimposed  upon  the  usual  space  charge  limited  or  emission 
limited  current  trace.  The  current  ripple  does  not  depend  on 
the  diameter  of  the  waveguide  through  which  the  electron 
beam  propagates.  It  even  exists  if  the  electron  beam 
propagates  through  the  center  of  a  pyrex  vacuum  tube.  The 
ripple  is  not  present  on  the  Pearson  transformer 
measurements,  which  record  the  total  current  emitted  from 
the  cathode  region.  Although  barely  noticeable  when  measured 
by  a  Faraday  cup  located  directly  behind  the  anode,  the 
ripple  becomes  a  ten  to  fifty  percent  perturbation  further 
downstream. 

The  perturbation  is  strongly  dependent  upon  the 
accelerating  voltage  and  tne  magnetic  field  strength.  As 
either  quantity  alone  is  increased,  a  bump  at  the  peak  of 
the  current  trace  peaks  up,  then  splits  in  half  into  two 
peaks,  whu  1  move  to  opposite  sides  of  tne  current  trace. 
If  the  accelerating  voltage  or  the  magnetic  field  is 
increased  still  further,  another  bump  forms  at  the  peak  of 
the  current  trace,  and  the  process  repeats  itself.  The 
process  is  reversible  if  either  the  accelerating  voltage  or 
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the  magnetic  field  is  turned  down. 

After  a  discussion  with  Hero  Lashinsky46 »47 ,  it  became 
apparent  that  the  ripples  are  oue  to  electron  beam  scallops. 
The  scallops  are  due  to  the  radial  electric  field  present  in 
tne  accelerating  gap  of  the  electron  gun.  Our  electron  gun 
nas  a  simple,  planar,  single  stage  accelerating  gap.  The 
radial  electric  fields  are  due  to  to  the  finite  transverse 
dimensions  of  the  accelerating  gap  and  to  the  presence  of  a 
hole  in  the  anode  for  the  electron  beam  to  pass  through.  The 
electric  equipotential  surfaces  in  the  hole  can  have  curved 
shapes. 

The  electron  beam  scallops  are  produced  by  the  radial 
electric  field  in  the  accelerating  gap,  which  induces  a 
wave-like  structure  into  the  electron  beam.  The  perturbation 
is  then  propagated  downstream,  as  shown  in  figure  A4 .  The 
radial  electric  field  perturbs  the  cyclotron  orbits  of 
individual  electrons  such  that  the  beam  is  defocused.  Once 
every  cyclotron  period,  tne  electron  oeam  becomes  focusecs, 
increasing  its  current  density.  The  spatial  period  of  the 
electron  density  modulation  depends  upon  both  the  magnetic 
field,  which  determines  the  cyclotron  frequency,  and  the 
electron  velocity,  which  is  the  velocity  of  propagation  of 
the  perturbation. 

We  have  two  data  points  to  check  out  the  electron  beam 
scallop  theory.  The  first  is  when  the  Faraday  cup  is  placed 
directly  behind  the  anode.  This  would  staighten  out  the 
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potential  surfaces  in  the  region  of  the  anoue  hole.  Thus, 
tne  racial  electric  fields  would  oe  Diminished ,  ana  the 
magnitude  of  tne  current  ripples  woulu  diminish.  This  has 
been  observed. 

The  second  piece  of  data  is  that  shown  in  figure  A3.  If 
a  Faraday  cup,  with  approximately  the  same  dimensions  as  the 
electron  beam,  is  placed  at  a  node  of  the  density  modulation 
of  the  electron  beam,  it  will  collect  the  maximum  electron 
current.  Holding  the  magnetic  field  constant  and  leaving  the 
Faraday  cup  in  the  same  position,  it  should  be  possible  to 
adjust  the  electron  velocity  such  that  there  is  exactly  one 
more  or  one  less  cyclotron  period  between  the  cathode  and 
the  Faraday  cup.  When  this  happens,  the  electron  beam 
current  collected  will  become  a  maximum  once  again. 

We  performed  this  experiment,  except  that  we  looked  for 
antinoaes  instead.  The  mean  magnetic  field,  defined  as  one 
quarter  of  the  fields  at  the  cathode  and  the  Faraday  cup 
plus  one  half  the  peak  field,  was  16U0  gauss.  The  effective 
distance  from  the  cathode  to  the  Faraday  cup,  defined  as  the 
distance  from  the  anode  to  the  Faraday  cup  plus  twice  the 
anode-cathode  gap  (because  the  mean  gap  velocity  is  v0/2)  • 
is  53.6  centimeters.  The  1600  qauss  magnetic  field  sets  the 
cyclotron  frequency  at  3.9  gigahertz.  With  an  electron 
kinetic  energy  of  82  KeV,  there  are  13.5  cyclotron  periods 
between  the  cathode  and  the  Faraday  cup.  To  increase  the 
number  of  periods  by  one  requires  an  accelerating  voltage  of 


14b. 

67  kilovolts.  The  theoretical  difference  in  the  accelerating 
voltage  is  15  kilovolts.  The  experimentally  measured 
voltage  difference  is  15  kilovolts. 

Therefore,  it  appears  that  electron  beam  scallops  lead 
to  the  current  ripple  downstream.  This  ripple  is  probably 
detrimental  to  the  Raman  interaction  because  it  is  a  current 
density  modulation  independent  of  the  Raman  interaction. 
Better  electron  gun  design  to  eliminate  the  radial  electric 
fields  will  alleviate  the  problem. 


APPFMCIX  3  COMMENTS  AEO'.lT  THF  CYKOTKO’-'  AMD  TUP  CEITVKOV- 
GYHOTROM  MASERS 

In  aauition  to  out  Cer enkov-Kama n  experiments,  we 
per tormeu  a  Cerenkov-gyr otron  experiment  as  a  null  run  to 
check  our  results.  Inis  experiment  is  similar  to  tne 
yyrotron  experiment  conducteo  oy  dranatstem  anu  Spranyle40 . 
Tne  Cerenkov-gyr otron  expet iment  is  set  up  physically  the 
same  as  tne  Cerenkov-Kaman  experiment,  except  that  there  is 
only  one  large  undulation. 

From  our  point  of  view,  the  useful  fact  about  gvrotrons 
is  that  their  microwave  output  turns  on  just  above  the 
waveguide  cutoff  and  approximately  at  the  electron  cyclotron 
freauency.  We  fixed  the  accelerating  voltage  and  increased 
the  magnetic  field.  When  the  microwave  power  peaked,  we 
could  approximate  that  the  electron  cyclotron  frequency,  as 
calculateo  from  the  magnetic  fielo  strength,  would  be  at  the 
waveguide  cutoff  frequency.  For  the  quartz  filler  of 
section  b .  7 ,  we  found  three  maxima,  corresponding  to  the 
electron  cyclotron  frequencies  ot  y.4,  14. y,  ana  17.9 

yiganertz.  Tne  first  frequency  corresponds  to  the 
laooe,  the  seccna  to  the  T E 2 ^  mode,  anu  tne  thiro  to  the  IEq^ 
mode.  Tne  calculated  cutoff  frequencies  for  the  TM^j  and 
the  TC^  mooes  are  12. 8  and  17.4  gigahertz,  respectively. 
This  gives  us  more  confidence  in  our  calculated  waveauide 
dispersions. 
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